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Abstract

Osteoporosis is an increasing burden on public health as the world-wide population ages and
effective therapeutics are severely needed. Two pathways with high potential for osteoporosis
treatment are the retinoic acid (RA) and endocannabinoid system (ECS) signaling pathways. We
sought to elucidate the roles that these pathways play in bone development and maturation. Here,
we use chemical treatments to modulate the RA and ECS pathways at distinct early, intermediate,
and late times bone development in zebrafish. We further assessed osteoclast activity later in
zebrafish and medaka. Finally, by combining sub-optimal doses of AR and ECS modulators, we
show that enhancing RA signaling or reducing the ECS promote bone formation and decrease
osteoclast abundance and activity. These data demonstrate that RA signaling and the ECS can be
combined as sub-optimal doses to influence bone growth and may be key targets for potential
therapeutics.
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1. Introduction

Osteoporosis is a prevalent metabolic bone disease, characterized by reduced bone mineral
density (BMD), fragility, and an increased susceptibility to spontaneous or traumatic bone
fractures. [1] Healthy bones require a homeostasis of degradation of old bone and deposition
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of new bone. The disease state of osteoporosis arises when there is an imbalance between
this deposition and degradation. [2] These processes are controlled by the activities of
osteoblasts, cells responsible for producing new bone mineral matrix, and osteoclasts, cells
that secrete proteolytic enzymes such as cysteine proteinases and matrix metalloproteinases
to degrade old bone. [3,4] Therefore, modulation of differentiation or controlling
populations of osteoblasts and osteoclasts may provide a better understanding of bone
homeostasis and a means of treating osteoporosis.

One potential target for influencing the effects of osteoblasts and osteoclasts is retinoic acid
(RA). RA is the biologically active metabolite of Vitamin A (retinol). [5] RA acts as a
morphogen that conveys a signal by binding to nuclear receptors which promote
transcription by targeting retinoic acid response elements within the regulatory regions of
target genes. [5,6] RA plays a large role in development, organogenesis, and maintenance of
many different tissues throughout the body. [6] Importantly, RA has also been shown to
regulate bone growth and homeostasis. [7,8,9] However, the specific effects that RA has on
osteoblast and osteoclast differentiation, proliferation, and activity are quite complex and
have not been fully elucidated. There have been many investigations of the influences of RA
on osteoblasts and osteoclasts, but due to differences in timing of treatment, dosage, cell
type, or animal model, the results of these studies can often be conflicting. [10,11,12,13,14]
Increasingly, recent reports have provided additional context for the role of RA in the /in vivo
bone microenvironment. [15,16] One insight made by Li ef a/ 2010 [17] was that in
zebrafish, when RA treatment was given during early development, 48-54 hours post
fertilization (hpf), it inhibited osteoblast differentiation and proliferation, while treatment
later on, 84-96 hpf increased the amount of mineralized bone that was present. These data
hint at potentially opposing influences of RA on osteoblast development or activity
depending on the timing of exposure during embryogenesis.

The endocannabinoid system (ECS) is another potential target for treating osteoporosis. The
ECS is a family of ligands and G-protein coupled receptors that target intracellular kinases
to influence transcription. [18] The two most prominent receptors of the ECS are
cannabinoid receptor 1 (CB1) and cannabinoid receptor 2 (CB2). Expression of the receptors
and the endogenous cannabinoid ligands have been detected in osteoblasts and osteoclasts /in
vitro. [19] However, the specific effects that ECS signaling imposes on bone development
and osteoblast and osteoclast activity are still unresolved. For example, it was shown that
CB1~/~ mice have decreased bone formation when compared to WT siblings at nine to
twelve weeks old. [20] Conversely, a later study stated that CB1~/~ mice showed increased
bone formation at three months old, with no changes in osteoblast number. [21] Other
reports have presented seemingly conflicting data on the effects of the ECS in bone.
[22,23,24] Similarly to what has been observed with RA signaling, the specific timing of
ECS activity may determine whether it enhances or inhibits bone development. [25]

To resolve the complications due to timings of treatment involving these two pathways, we
activated or inhibited RA and ECS signaling at early, intermediate, and late development of
the zebrafish opercle bone. We then analyzed the effects of these pathways on osteoclasts
later in zebrafish and medaka development. Upon establishing the influence that modulating
the pathways had on osteoblasts and osteoclasts, we then assessed the effects of combined
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treatments from each pathway on each cell-type. Here, we show that a combination of sub-
optimal individual doses of chemical modulators of the RA and ECS pathways is sufficient
to influence osteoblast and osteoclast differentiation and activity.

2. Materials and methods

2.1 Zebrafish rearing.

Wild type zebrafish AB strain were raised at 28.5°C according to standard protocols. All
zebrafish studies were approved by the Deakin University Animal Welfare Committee
(AWC81-2011). All medaka studies were performed according to protocols approved by the
Institutional Animal Care and Use Committee (IACUC) of the National University of
Singapore (R14-293, BR15-0119).

2.2 Von Kossa staining.

Embryos underwent treatment or combination treatment from 50-72 hpf, were rinsed several
times in E3 media (60X stock: 34.8 g NaCl; 1.6 g KCL; 5.8 g CaCl2. 2H,0; 9.78 MgCI_2.
6H,0 to a final volume of 2L, pH=7,2) at 72 hpf, and returned to the incubator at 28.5°C.
Larval fish were fixed in 4% paraformaldehyde (PFA) (Sigma-Aldrich, Castle Hill, NSW,
Australia) at 144 hpf overnight at 4°C. Embryos were rinsed in phosphate buffer solution
with 0.1% tween (PBTw) before being stained with 1% silver nitrate under a 60 Watt lamp
for 2 hours until whole bodies were brown. Fish were then rinsed once in 0.1% PBTw and
then fixed in 2.5 % sodium thiosulphate for 15 min. They were rinsed in PBTw for 5 min,
before passing through a glycerol series (30% glycerol/70% PBTw, 50% glycerol/50%
PBTw, 70% glycerol/30% PBTw) for imaging and storage at 4°C.

2.3 Alizarin red staining.

Embryos underwent treatment from 50-72 hpf, were rinsed several times in E3 media, and
returned to the incubator at 28.5°C. They were fixed in 4% PFA at 128 hpf for two hours at
4°C before being stored in PBTw overnight at 4°C. A working solution of 0.005% alizarin
red in 0.5% potassium hydroxide was created from a stock of 0.1% alizarin red dissolved in
96% ethanol. The embryos were stained with the working solution and left to rock overnight
at room temperature. The following day, embryos were rinsed with PBTw for 5 min and
transferred to 70% glycerol for immediate imaging.

2.4 Tartrate-resistant alkaline phosphatase (TRAP) staining.

Larval fish underwent treatment from 12-14 dpf then were fixed at 14 dpf in 4% PFA
overnight at 4°C. Larvae were then rinsed several times with pre-warmed water at 37°C.
TRAP staining was performed with the Leukocyte Acid Phosphatase (TRAP) Kit (Sigma).
The stock solution included 4% acetate solution, 2% tartrate solution, 1% Fast Garnet GBC
Base solution, 1% sodium nitrate solution, and 1% napthol AS-BI phosphate solution in pre-
warmed water at 37°C. The fish were stained with the stock solution at 37°C for 1-2 hours
until the whole body was brown and then rinsed several times in water before being
bleached with 10% H,0O, for several hours until TRAP staining was evident. The larvae
were rinsed with PBtw and transferred to 70% glycerol for storage at 4°C and imaging.
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2.5 Whole-mount in situ hybridization (WISH).

Embryos were treated with phenylthiourea to inhibit pigment development and fixed in 4%
PFA at desired time-points overnight at 4°C. Fish were then rinsed with PBtw and stored in
100% methanol at —20°C. Riboprobes for runxZa, osterix (0sx), osteonectin (sparc),
osteopontin (sppl) and collagen 10 alpha 1 (co/10a1) were used as previously described.
[26]

2.6 Chemical treatments.

Win 55,212-2 (WIN), Rimonabant (RIMO), 4-diethylaminobenzaldehyde (DEAB),
oleamide (OLE), AM65445 and JD5037 were dissolved into dimethyl sulfoxide (DMSQ) in
a stock solution of 10 mM. All-trans retinoic acid (RA) was dissolved into ethanol in a stock
solution of 100 mM. Solutions were stored at —20°C. Embryos were placed into 25 ml of E3
medium in 50 ml tubes. Appropriate volumes of chemicals were added directly to the
medium and tubes were placed horizontally in an incubator at 28.5°C. Oleamide and
AMGB545 were purchased from Tocris Bioscience (Bristol, UK). Rimonabant was purchased
from Cayman Chemical (Ann Arbor, MI, USA). JD5037 was purchase from MedChem
Express. DEAB and RA were purchased from Sigma-Aldrich. The concentration of the
different drugs used in this project are based on our previous dose-response analysis of the
compounds [29].

2.7 Imaging.
Zebrafish images were taken with an Axioskop 2 Imager (Zeiss) and an AxioCam MRc5
digital camera (Zeiss) or a discovery V8 stereomicroscope (Zeiss) with an Axiocam 105
color digital camera (Zeiss). Medaka imaging was performed with a Nikon SMZ1000
equipped with NIS-Elements BR 3.0 software (Nikon). Photos were processed with Adobe
Photoshop software. For the generation of graphs presented in Figures 1M, 7M and 7N, we
used the the ImageJ software to quantify the areas of staining of interest of the stem and fan
of the opercle (see Supplemental Figure 1 for demarcation of stem versus fan in the opercle)
(n=8). For the graphs presented in Figures 4 L and M, we counted the number of
neuroarches (4L) and measure the length of the fish from head to tail (excluding the caudal
fin) (4M) (n=8).

2.8 Statistical analysis.

Results were displayed as averages relative to controls with error bars depicting standard
error of the mean (SEM). These measurements were normally distributed, and an
independent two-tailed T-Test was performed. Statistical significance was determined if p<
0.05.

3. Results

3.1 Enhancing RA signaling or reducing the ECS promotes bone formation

In considering bone formation, we first assessed the effect that modulating the RA or ECS
pathways (Table 1) had on bone phosphate mineralization and calcification in developing
zebrafish larvae.
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To assess the effects of the treatments on mineralization, we focused on the development of
the stem of the opercle, the first bone to form in zebrafish larvae (Fig. LA—M). Zebrafish
were treated with 0.25 pM RA or 7.5 pM diethylaminobenzaldehyde (DEAB) to enhance or
inhibit RA signaling, respectively, from 50 to 72 hours post fertilization (hpf) and bone was
labeled with von Kossa staining at 144 hpf (Fig. 1A—F,M). DEAB treatment reduced the
amount of mineralization in the opercle stem while RA treatment had no effect compared
with controls. We then treated embryos with 4 uM Rimonabant (RIMO), a cannabinoid
receptor 1 inverse agonist, 0.4 UM WIN 55212-2, a cannabinoid receptor 1 and 2 agonist, or
4 uM oleamide (OLE), a cannabinoid receptor 1 selective agonist at the same timings (Fig.
1G-M). The larvae that were exposed to RIMO had an increased area of mineralization of
the opercle stem, while those treated with WIN or OLE had a reduced area. To evaluate
calcification of developing bone, alizarin red staining was performed on 128 hpf larvae that
were exposed to the same treatment conditions (Fig. IN-Y). Fittingly, we observed the same
effects from treatment, with decreased bone calcification from DEAB or OLE exposure and
increased bone from RA or RIMO treatment compared with controls (Fig. IN-W).
Interestingly, we did not detect a measurable change in the calcification in WIN treated
larvae (Fig. 1X,Y). These data show that from 50-72 hpf, inhibition of RA synthesis and
activation of ECS signaling decrease bone deposition, while exogenous RA and blocking the
ECS act to enhance bone development.

3.2 RA signaling has time-specific effects on osteoblast gene expression while the ECS

does not

To further elucidate the effects of modulating these two pathways, and because they may
have varying influences on bone formation at distinct phases of development, we used
whole-mount /n situ hybridization (WISH) to detect the genes expressed by osteoblasts at
early, intermediate, and late stages of osteoblast differentiation. For the early time-point,
embryos were treated from 36-50 hpf and fixed at 50 hpf. Due to the younger age of
specimen, doses were adjusted to 0.25 uM RA, 7.5 uM DEAB, 3.5 uM RIMO, and 3.5 uM
OLE to avoid developmental defects, while WIN was maintained at 0.4 uM (no
developmental delay or toxicity were detected at this concentration of WIN). To evaluate the
osteoblast precursors population of the developing opercle, the expression of runx2awas
labeled (Fig. 2A—F). Embryos treated with DEAB or RIMO showed increased runxZa (Fig.
2B,D), while those exposed to RA, OLE, or WIN had decreased expression (Fig. 2C,E,F). A
similar result was observed using the runx2b probe (not shown). For the intermediate timing,
embryos were treated from 36 to 62 hpf and the expression of osterix (0sx/sp7) was
observed at 62 hpf (Fig. 2G-L). Treatment with 7.5 uM DEAB, 3.5 pM OLE, or 0.4 uM
WIN reduced expression compared with controls (Fig. 2H,K,L) and treatment with 0.25 pM
RA or 3.5 uM RIMO caused limited to no change in expression (Fig. 21,J). The late time
range was evaluated at 72 hpf after treatment from 36 to 72 hpf. To determine the effects on
osteoblasts at the late stage, the expression of sparc (osteonectin) was labeled (Fig. 2M-R).
Treatment with 7.5 uM DEAB, 3.5 uM OLE, or 0.4 pM WIN reduced expression (Fig.
2N,Q,R) and treatment with 0.25 uM RA or 3.5 pM RIMO increased the expression of sparc
at 72 hpf (Fig. 20,P). These late period sparc expression changes, observed in the opercle,
are supported by comparable changes in the expression of ostegpontinand col10a1, other
genes expressed by osteoblasts in the later stages of development like sspZ (Supplemental
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Fig. 2). Taken together (Table 2), these data suggest that enhancing RA signaling early in
osteoblast differentiation decreases osteoblast abundance.

Conversely, later in osteoblast maturation, the opposite effect is true; enhancing RA
signaling increases the osteoblast population, as judged by WISH. Interestingly, modulating
the ECS at varying time windows did not have alternating influences on osteoblast
development, the effects were consistent. To confirm a change in gene expression upon RA
or ECS modulation, we dissected out the head of the embryos post treatment, extracted the
mRNA and performed qRT-PCR for our genes of interest. For this analysis, we that you used
an early (runx2a) and a late marker (sppI) for validation by gPCR. Both genes show a
variation in levels of mRNA in accordance with what was observed by /in situ hybridization
(Supplemental Fig. 3).

3.3 RA and ECS signaling alter late osteoblast formation in zebrafish

To determine the effects of modulating these two pathways on mature osteoblasts, we used
whole-mount /n situ hybridization to detect changes in co/10a1 expression in treated
embryos. col/10a1 is a marker of mature osteoblast in zebrafish [26]. For the late time-point
evaluation, embryos were treated from 56—72 with 0.25 uM RA and from 48-72 hpf with 4
UM OLE, 0.4 pM WIN, 7.5 pM DEAB, and 4 uM RIMO. To evaluate changes in expression,
col10al expression of the developing opercle was labeled (Fig. 3A-F). Zebrafish treated
with RA and RIMO showed an increased co/10al expression (Fig. 3B,C), while those
exposed to DEAB, WIN or OLE had decreased expression (Fig. 3D-F). This data confirm
that activating the RA pathway, increases mature osteoblast formation confirming the dual
role for RA in bone formation previously proposed [14]. Additionally, this data also
demonstrates that early modulation of the ECS pathway either increase or decrease
expression of a late osteoblast marker.

3.4 RA signaling and the ECS influence osteoclast abundance

Since we have shown that modulating these pathways can influence bone development by
altering osteoblast maturation, we wanted to examine more potential impacts on osteoclast
activity or abundance. All treatments were given from 12 to 14 dpf (Fig. 4A-F). Due to the
longer treatments and the age of the fish, a dose response was done for each chemical (data
not shown). Treatment with 7.5 uM DEAB or 4 uM OLE increased TRAP labeled
osteoclasts compared with controls (Fig. 4B,E), whereas 0.25 uM RA or 0.3 uyM RIMO
decreased stained cells (Fig. 4C,D). Exposure to 0.4 uM WIN only marginally increased the
number of osteoclasts at 14 dpf (Fig. 4F).

To additionally determine the effects of modulating RA and ECS signaling on osteoclast
abundance, we made use of another fish model to which we had access. We used a
transgenic medaka (Oryzias latjpes) line in which the green fluorescent protein (GFP) is
under control of the cathepsin k promoter, a protease expressed by active osteoclasts (Fig.
4G-K). [28] Larval fish were treated from 19 to 21 dpf with 0.5 uM RA, 15 pM DEAB, 0.5
UM WIN, or 0.6 nM RIMO. Doses were based on previous treatments in zebrafish and dose
responses in medaka (data not shown). Following two-day treatments, the number of neural
arches with GFP-expressing cells were quantified (Fig. 4L). Treatment with 0.5 uM RA
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significantly reduced the numbers of arches with active osteoclasts, while exposure to 0.5
UM WIN increased their numbers (Fig. 4H,J,L). Treatment with 15 uM DEAB showed a
trend toward an increase (Fig. 41,L). Due to naturally occurring variance in fish growth,
length of fish was used to control for potential confounding factors on osteoclast numbers.
Fish showed no significant difference in body length (Fig. 4M).

3.5 Blocking the peripheral action of CB1 increases osteoblast number and decreases
osteoclast activity

Because CBL1 action can be either central or peripheral, we decided to focus on the
peripheral action of CB1 as bone development is taking place outside of the central nervous
system. We took advantage of the recently designed AM6545 and JD 5037 CB1 antagonists.
Both of these drugs were originally studied in the context of obesity and type 2 diabetes. In
order to determine the effects of AM6545 and JD 5037 on osteoblast gene expression,
zebrafish were exposed to AM6545 and JD5037 from 36-62 hpf and analyzed for osterix
expression (Fig. 5A-C), and 36-72 hpf for co/10al and sparc analysis (Fig 5D-I). At 62 hpf,
it was determined that both AM and JD increased osterix expression (Fig. 5B,C) as
compared to the control (Fig. 5A). Treatments with both AM6545 and JD5037 increased
col10al (Fig. 5D-E) and sparc (Fig. 5G-1) expression as compared to the control at 72 hpf.

Because AM6545 and JD5037 exposure increase osteoblast gene expression, we wanted to
determine what effects of AM6545 and JD5037 have on bone calcification. To this end we
performed an alazarin red staining. Then, we noted and recorded any noticeable changes in
calcification through observation of the developing opercle. Embryos were exposed to
AMG6545 and JD5037 from 48-72 hpf (Fig. 6B,C). The embryos exposed to AM6545 (Fig.
6B) showed an increase in calcification at 128 hpf as compared to the control (Fig. 6A) at
128 hpf. Embryos exposed to JD5037 (Fig. 6C) showed a dramatic increase in calcification
as compared to the control (Fig. 6A) at 128 hpf.

Since we observed changes in calcification, we wanted to determine if there was a
subsequent change in mineralization (Fig. 6D—F) after exposure to either compound.
Therefore, we treated embryos from 36—72 hpf with AM6545 (Fig. 6E) or JD5037 (Fig. 6F).
Then, we performed a Von Kossa staining at 144 hpf. Exposure of embryos to AM6545 (Fig.
6E) showed a mineralization increase as compared to the control (Fig. 6D) at 144 hpf. After
exposure to JD5037 from 36-72 hpf (Fig. 6F), the zebrafish showed a mineralization
increase as compared to the control (Fig. 6D).

To study the effects of the peripheral selected CB1 antagonists AM6545 and JD5037 on
osteoclast activity, we used TRAP staining, which is expressed by osteoclasts actively
involved in resorbing bone. In the zebrafish, osteoclasts develop much later than osteoblasts,
but are detectable by 12 days post fertilization (dpf). Therefore, we stained larval fish for
TRAP at 14 dpf. [27] As for exposure time, larvae were treated from 12-14 dpf with either
AMGB545 or JD5037 and TRAP staining was performed at 14 dpf (Figure 6G-I). After
treating with AM6545 (Fig. 6H), it was determined that there was a significant decrease in
osteoclast presence as compared to the control (Fig. 6G) at 144 hpf. The treatment with
JD5037 (Fig. 61) also showed a significant decrease in osteoclast presence as compared to
the control (Fig. 6G) at 144 hpf.
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After analyzing the results (Fig. 6A-I), it was apparent that blocking the Cb1 receptor only
in the periphery with either AM6545 or JD5037 increases bone calcification, subsequent
mineralization as well as, decreasing osteoclast activity /in vivo.

3.6 Combined suboptimal doses of RA and ECS pathways have additive influences on
bone development

Potential therapeutics for osteoporosis would benefit from mildly influencing both pathways
to avoid deleterious effects of high doses. Therefore, we wanted to see if RA signaling and
the ECS could be combined to influence osteoblast maturation. Based on previously
reported work from our laboratory, [29] we decided that a 60% suboptimal dose of the full
treatments (from Figs. 1-3) could be used so that single treatments would have no
measurable effects, either in term of osteoblast or mineralization effects or side effects [29].
We again treated fish from 50 to 72 hpf and assessed bone mineralization at 144 hpf with
von Kossa staining. To determine the combinatorial effects of modulating RA and ECS
signaling, we treated the fish with a pairing of compounds that had matching effects from
the earlier sets of experiments. Therefore, the chemical exposures were doses of 60% RA
and 60% RIMO (individual full doses increased mineralization), 60% DEAB and 60% OLE
(individual full doses decreased mineralization), or 60% DEAB and 60% WIN (individual
full doses decreased mineralization) (Fig. 7A-H). The RA and Rimo combined treatment
did not enhance mineralization (Fig. 7C,D). However, the DEAB combined with OLE or
WIN treatments were both sufficient to reduce mineralization compared with controls (Fig.
7E-H). These data were confirmed by measuring the area of staining of the opercle stem
(Fig. 7M). Single 60% doses of each treatment alone did not affect bone mineralization (data
not shown).

In order to further evaluate the effects of combined treatments on bone formation, we
performed WISH on larvae at 72 hpf for co/10a1 expression (Fig. 71-L). Fish were treated
from 36 to 72 hpf with the combined 60% doses (full doses were those from Fig. 7M-R).
The combined RA and Rimo treatment had no effect on co/10a1 expression (Fig. 7J). The
DEAB combined with OLE or WIN treatments each decreased the expression of co/10al
(Fig. 7K,L). Quantification of the area of the opercle supported the observations of the
WISH staining (Fig. 7N). These data show that combined suboptimal doses of RA and ECS
modulating chemicals are sufficient to influence bone growth.

3.7 Combined suboptimal doses of RA and ECS pathways have additive influences on
osteoclast number and activity

Since we observed effects on osteoblast maturation and bone development from combined
treatments, we wanted to examine if combinations of RA and ECS modulation was sufficient
to affect osteoclast activity. Therefore, we treated larval fish with 60% RA and 60% RIMO,
60% DEAB and 60% OLE, or 60% DEAB and 60% WIN from 12 to 14 dpf. Again, we
assessed actively resorbing osteoclasts with TRAP staining at 14 dpf (Fig. 8A-D). The
combined 60% RA and 60% RIMO treatment reduced labeled osteoclasts (n=8, SD: 1.76)
compared with controls (n=13; SD: 2,23) (Fig. 8A,B). The 60% DEAB and 60% OLE
(n=23; SD: 3.24) and 60% DEAB and 60% (n=16; SD: 2.86) WIN treatments each increased
the numbers of osteoclasts compared to control (Fig. 8C,D). These results demonstrate that

Mol Cell Endocrinol. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fraher et al. Page 9

combined modulations of RA and ECS signaling have quantifiable effect on the
mineralization of bone, the formation of osteoblasts and the number of active osteoclasts /7
vivo.

4. Discussion

4.1 RA and bone formation

Directing the proliferation and activity of osteoblasts and osteoclasts /n vivo remains a goal
and a challenge to researchers pursuing treatments for bone diseases. An effect of RA in
bone development has been known for over 30 years. [30] However, since this time,
determining the specific nature of RA in influencing bone growth has been elusive. Both /n
vitro and in vivo studies have provided opposing outcomes from manipulating RA signaling,
some investigations reporting that RA promotes osteoblast proliferation while others report
an inhibitory influence. [10,11,12,13,16,31,32] A study in zebrafish indicated that RA acts
in a dual manner in influencing osteablast proliferation, which might be causing or adding to
the inability to define a consensus role of RA. [14,15,17] The authors showed that an early
pulse treatment from 48 to 52 hpf of RA was sufficient to reduce bone mineralization.
Additionally, RA treatment from 84 to 96 hpf increased ossification. Our study sought to
more clearly delineate the timing of the RA influence during bone development. We
observed that by treating fish from 36 to 72 hpf, that RA signaling already maintained a
stimulatory role for osteoblast proliferation, prior to 84 to 96 hpf window. Additionally, we
chose to begin treatment at an earlier time point (36 hpf) when osteoblasts start
differentiating in zebrafish embryos, [33] yet ended treatment at 50 hpf. In this time range,
RA inhibited runx2a expression, indicating a reduced osteoblast population. However, in our
study, we also treated the embryos through an “intermediate” time-point (62 hpf) between
the reported early (anti-bone) and late (pro-bone) stages. We observed that osx expression
was decreased in DEAB treated embryos, while RA showed a neutral effect, implicating a
window between 50 and 62 hpf where the effects of RA are reversed. Interestingly, treatment
from early and through late timings resulted in a pro-bone effect of RA in the alizarin and
von Kossa stained larvae. This could have arisen from the prolonged treatment during the
late window, giving osteoblasts more time to recover to WT levels and beyond.

4.2 ECS and bone formation

Much less is known about the influence of the ECS on bone development, though there is
evidence for some regulation by the ECS. For example, marrow stromal cells from CB1-/-
mice have shown reduced ability to differentiate into osteoblasts. [21] However, it was
reported that the CB1 agonist anandamide decreased human osteoblast proliferation. [25] In
our study, inhibiting CB1 increased bone mineralization, calcification and the expression of
osteoblast markers in the opercle of zebrafish. Moreover, activating CB1 alone or both CB1
and CB2 decreased bone development. Interestingly, unlike RA treatments, the effects were
consistent through all time ranges.

The development and potential treatment of osteoporosis rely on more than just controlling
the numbers of osteoblasts. Regulation of osteoclasts must also be taken into account so that
there is a minimizing of bone degradation. Similar to the relation of RA and osteoblasts,
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there is a lack of consensus regarding the effects of RA on osteoclasts. [34,35] Using
juvenile medaka, we show that RA reduced the numbers of osteoclasts present in the neural
arches. Furthermore, osteoclast activity was lower in juvenile zebrafish. Again, with the ECS
as well, seemingly contradictory effects on osteoclasts have been reported. [19] Our data
show that ECS activation enhanced osteoclast numbers and activity in medaka and zebrafish,
respectively.

4.3 Peripheral Action of CB1 Antagonist and Inverse Agonist AM6545 and JD5037

In 2006, the CB1 inverse agonist Rimonabant was approved in Europe as an anti-obesity or
appetite suppressor drug. However, because Rimonabant acts as a neurotransmitter, an
increase in depression was observed in some patients during clinical trials leading to suicide
ideation in around 1% of patients, it was withdrawn worldwide in 2008. These side effects
led to the discontinuation of Rimonabant for central nervous system issues. [36] However, as
seen in this project and numerous times in literature, CB1 plays a major role in the
peripheral nervous system. Therefore, it was feasible to design, or test, a novel drug with
similarity to Rimonabant that will not cross the blood-brain-barrier, and only targets the
peripheral systems, including bones. Two derivatives of Rimonabant: AM6545 and JD5037
were originally designed as anti-obesity or appetite suppressor drugs. However, unlike
Rimonabant, AM6545 and JD5037 only act on the peripheral system as a CB1 antagonist
and inverse agonist, respectively. [37,38] This eliminates the possibility of any adverse
reaction on the central nervous system. Additionally, through /n vivo testing, it would be
possible to evaluate these drugs as potential anti-osteoporosis treatments without interfering
with the central role of CB1, or the central nervous system.

4.4 Additive effects of sub-optimal doses of RA and RIMO in bone formation

Both RA signaling and the ECS are active in many different cell types and tissues within the
human body. Therefore, treatment with a chemical targeting a single pathway may cause
harmful effects to a patient. We had previously shown that combining suboptimal doses from
RA signaling and the ECS was sufficient to influence lipid accumulation in zebrafish. [29]
For this reason, we chose to pursue suboptimal combination treatments of the pathways to
observe potential additive outcomes on bone growth. We found that suboptimal reduction of
RA signaling while activating the ECS was sufficient to inhibit bone mineralization and
osteoblast specific gene expression. However, the opposite treatments (activating RA and
inhibiting the ECS) did not significantly increase mineralization. Although not evaluated in
this study, pharmacological treatments performed after the first phase of osteoblast
formation could lead to better outcomes in terms of bone mineralization when combining
sub-optimal doses of RA and RIMO. Moreover, increasing the number of osteoblasts is a
goal for enhancing bone repair after fractures. It will be of high interest to combine RA and
RIMO sub-optimal dose treatments in models of age related or induced osteoporosis and
during the process of bone repair in fish and mammals.

Additionally, the combination treatments showed very promising results in terms of the
number osteoclasts in zebrafish larvae. Reducing RA and stimulating the ECS, which
lowered mineralization and presumptive osteoblast abundance in young zebrafish larvae,
was capable of increasing osteoclast activity. Conversely, increasing RA and inhibiting the
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ECS reduced the number of active osteoclast in larvae. This latter point is important in terms
of putative therapeutics of bone related diseases, as one of the main issues in osteoporosis is
the relatively high bone resorption caused by more active osteoclasts. Here, in our larval fish
model, we were able to dramatically reduce the number of active osteoclasts, an objective of
the research community to fight osteoporosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Modulation of the retinoic acid and endocannabinoid signaling pathways influence
larval bone mineralization and calcification.

Zebrafish were treated from 50-72 hpf with DEAB, RA, RIMO, OLE, and WIN and
mineralization of the opercle (arrowhead) was detected at 144 hpf with von Kossa stain (A-
L). Mineralization of the opercle stem was quantified (M, 7= 10) from the area of labeling
above the opercle fan, marked by the blue line (B, arrow) (See Supplemental Figure 1 for a
schematic representation of the positioning of the blue line in the opercle). Zebrafish
embryos were treated from 50-72 hpf and stained with alizarin red at 128 hpf to detect
calcification (N-Y, n=10). The effects on calcification from DEAB, RA, RIMO, OLE, and
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WIN treatments are consistent with the effects on mineralization. Imaged zebrafish are a
representation of zebrafish in their respective groups.
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Figure 2. Early, intermediate and late bone-specific gene expression is altered by modifying RA
and ECS signaling in zebrafish.

Zebrafish embryos were treated with DEAB, RA, RIMO, OLE, and WIN from 36-50 hpf.
At 50 hpf runx2aexpression was assessed by WISH (A-F). Zebrafish embryos were treated
between 36-62 hpf and at 62 hpf osx expression was assessed (G-L). Zebrafish embryos
were treated between 36—72 hpf and sparc expression was assessed at 72 hpf (M-R). DEAB
treatment increased runxZaexpression (B) and decreased osx and sparc (H,N) while RA (C)
treatment decreased runxZa and increased osx and sparc (1,0). RIMO treatment increased
the expression of each gene (D,J,P) while both OLE and WIN decreased the expression of
each (E,F,K,L,Q,R). n= 10 for all treatments and WISH analyses. Opercle insets are 4X
magnifications of the original photos.
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A

Figure 3. RA and ECS signaling alter col10al expression in zebrafish.
Zebrafish were treated between 56—72 hpf for RA (B) and 48-72 hpf with RIMO (C),

DEAB (D), WIN (E), and OLE (F). At 72 hpf, WISH was performed to observe any changes
in col10a1 expression (B-F) as compared to the control (A) at the opercle marked with a
black arrow, or marked by an arrowhead in close-ups. RA (B) and RIMO (C) treatments
increased co/10a1 expression as compared to control (A). DEAB (D), WIN (E) and OLE (F)
treatments decreased co/10al expression as compared to control (A). n = 10 for each
treatment group.
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Figure 4. RA signaling inhibits and the ECS enhances osteoclast development.
Zebrafish larvae were treated between 12 — 14 dpf with DEAB, RA, RIMO, OLE, and WIN

and active osteoclasts were stained at 14 dpf with TRAP (A-F). DEAB or OLE treatment
increased TRAP labeled osteoclasts (B,E), whereas RA or RIMO decreased stained cells
(C,D). A medaka line with a cathepsin k promoter driving GFP was used to assess osteoclast
development in neural arches at 21 dpf following 2 days of treatment (G-L). RA treatment
decreased detectable osteoclasts (H,L). DEAB or WIN treatment increased osteoclast
abundance (1,J,L). RIMO treatment showed no effect on osteoclasts (K,L). Length of fish, as
a measure of developmental defects from treatments, was not different between treatment
groups and controls (M). *<0.001, #=0.153, +=0.053. n= 8 for TRAP staining, 7= 8-12 for
neural arch assessments, /7= 3-6 for length measurements
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H I
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Figure 5. AM and JD effects on col10al expression in mid-to-late time development.
Shows the effects of AM6545 and JD5037 on gene expression for 62 (A,B,C) and 72 hpf

(D-1) at the opercle bone marked with a black arrow. Zebrafish were exposed to the
compounds from 36-62 hpf for osx (B,C) and 36—72 hpf for co/10al and sparc, respectively.
AMG6545 (B) and JD5037 (C) increased expression of osxat 62 hpf as compared to the
control (A) at 62 hpf. Both compounds (E,F) showed an increase in co/10al expression at 72
hpf as compared to the control (D) at 72 hpf. Additionally, AM6545 (H) and JD5037 (1)
increased sparc expression as compared to the control (G) at 72 hpf. n = 10 for each
treatment group. For each treatment, 100% of zebrafish (B,C,E,F,H,I) showed an increase in
gene expression as compared to their control (A,D,G) regardless of the gene being observed.
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Figure 6. Blocking the peripheral activity of CB1 increases bone calcification and mineralization
while decreasing osteoclast activity.

Zebrafish were exposed to either AM6545 (B) or JD5037 (C) from 48-72 hpf. Alazarin red
staining was performed at 128 hpf to determine if there were any changes in calcification at
the opercle bone, marked by the black arrows, after exposure (B,C) as compared to control
(A). Both AM6545 (B) and JD5037 (C) showed a calcification increase as compared to the
control (A) at 128 hpf. n = 12 for each treatment group. For AM6545 (B), 100% of zebrafish
showed a significant increase in calcification as compared to the control (A). For JD5037
(C), 100% of zebrafish showed a significant increase in calcification as compared to both the
control (A) and AM6545 (B). Zebrafish were exposed to AM6545 (E) and JD5037 (F) from
36-72 hpf and fixed at 144 hpf. At 144 hpf, Von Kossa staining was performed in order to
observe any changes in mineralization after exposure (E,F) as compared to the control (D).
Images were taken at 8x and 20x (D,E,F). Both AM6545 (E) and JD5037 (F) exposure led to
a mineralization increase at 144 hpf as compared to the control (D) at 80x and 200x
magnification. 7= 10 for each treatment group. 100% of AM6545 (E) exposed zebrafish
showed a significant increase mineralization as compared to the control (D). As for JD5037
(F), 100% of zebrafish showed a significant mineralization increase as compared to the
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control (D), and the AM6545 (E) exposed zebrafish. Tartrate Resistant Acid Phosphatase
(T.R.A.P.) stain shows presence of osteoclasts. The zebrafish were exposed to AM6545 (H)
and JD5037 (1) from 12-14 dpf. At 14 dpf, the larvae were fixed and TRAP was performed
to determine any changes in osteoclast presence (G,H,l). Both AM6545 (H) and JD5037 (1)
exposure showed a significant decrease in osteoclast presence at 14 dpf as compared to the
control (G) at 14 dpf. n = 10 for each treatment group. For the control group (G) 100%
showed high osteoclast activity that is common at 14 dpf. For AM6545 (H), 70% showed
little to no osteoclast activity, and 30% showed a significant decrease in osteoclast presence
as compared to the control. For JD5037 (I), 80% showed little to no osteoclast presence, and
20% showed a significant decrease in osteoclast presence. Overall, after exposure to either
compound (H,I), 100% of the zebrafish showed a significant decrease in osteoclast presence
as compared to the control (G).

Mol Cell Endocrinol. Author manuscript; available in PMC 2022 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fraher et al.

144 hpf B RO 75 hpf

»‘!.

C ,M+RIMO

(a

1.2
1.0
0.8
0.6

Relative area

0.2

Relative area
o
o

K DEAB+OLE|L DEAB+WIN

/-;

Ctrl|J

Area of opercle stem

RA+RIMO DEAB+OLE DEAB+WIN

Area of opercle stain

Ctrl RA+RIMO DEAB+OLE DEAB+WIN

Figure 7. Combined sup-optimal doses of RA and ECS modulating chemicals is sufficient to

influence bone development.

Zebrafish were treated from 50-72 hpf with 60% combined doses of RA+RIMO, DEAB
+OLE, or DEAB+WIN and mineralization of the opercle (black arrowhead) and opercle
stem (white arrowhead) was assessed at 144 hpf with von Kossa stain (A-H). RA+RIMO
showed no effect on mineralization (C,D). Both DEAB+OLE or DEAB+WIN treatments
were sufficient to reduce mineralization (E-H). Measurements of the area of staining of the
opercle stem support these observations (M, 7= 9). The effects of combined doses on
col10al expression was assessed at 72 hpf following treatment from 36—72 hpf (I-L). RA
+RIMO showed no effect on col10al expression (J). Both DEAB+OLE or DEAB+WIN
treatments were sufficient to reduce expression (K,L). Quantification of staining of the

opercle supports the observed expression (N, 7= 10).
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Figure 8. Combined sup-optimal doses of RA and ECS modulating chemicals influence osteoclast
activity.

Zebrafish were treated from 12-14 dpf with 60% combined doses of RA+RIMO, DEAB
+OLE, or DEAB+WIN and osteoclast activity was assessed with TRAP stain at 14 dpf (A-
D). RA+RIMO treated zebrafish had reduced numbers of labeled osteoclasts compared with
controls (A,B). DEAB+OLE or DEAB+WIN had increased stained osteoclasts (C,D). n=8

for each treatment group.
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Expected effects of the modulation of the RA and ECS pathways on bone mineralization and calcification.

Chemical

Pathway

RA | ECS

DEAB

! ,

RA

1 B

RIMO

OLE

WIN
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Effects of the modulation of the RA and ECS pathways on early, intermediate and late osteoblast formation.

Osteoblast Genes Treatments
Time Period | Probe | DEAB | RA | RIMO | OLE | WIN
Early runx2a t 1 0 i !
Intermediate osx ¢ - - 0 0
Late sparc 0 1 0 i !
Late col10al1 ¢ 1 1 | 0
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