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Galanin receptor agonists limit osteoclast number in in vitro mouse models
Heath W McGowan'", Deanna M Horvath'?, Amy E Larsen', Aaron C McDonald'

Abstract

Despite evidence that galanin-like compounds are potential regulators
of bone activity, little research has been undertaken to investigate the role
of these compounds on osseous cells. The aim of this study was to elucidate
the mechanisms by which the galanin receptor agonist’s galanin and galnon
regulate osteoclasts. Osteoclasts were cultured from cells isolated from
femurs of C57BL/6 mice and grown to 80% confluence, then differentiated
via the application of mCSF and RANKL. Cultures were analyzed for
osteoclast number via TRAP staining, qPCR and immunocytochemistry.
A moderate dose of both galanin-like compounds decreased osteoclast
count in vitro . The moderate dose of galanin also reduced expression of
inflammatory markers. These results indicate that both galanin and galnon
can act to reduce osteoclast count, although they have led to contradictory
responses with respect to inflammatory expression. These results may help
to better treatment for bone-resorptive diseases such as osteoporosis.
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Introduction

Galanin (GAL) is a naturally occurring 3162.60 Dalton (Da) neuropeptide
[1] that consists of twenty-nine amino acids (30 for humans), with the first
fifteen amino acids being homologous in most species studied [2]. It is
widely distributed, having been found in brain, spinal cord, gastrointestinal
tract, lungs, skin, pancreas, urogenital tract, adrenal medulla and bone
tissues [3-5]. It is capable of regulating cell proliferation and apotosis in
cells including neuroblastoma cells [6]. Mice with a GAL-KO genotype
show decreased nerve regeneration rates [7] and GAL is expressed by,
and has mitogenic effects on, various types of cancer [8]. GAL has many
biological effects including nociception, learning and memory, inhibition
of insulin, acetylcholine and gastrin release and stimulation of prolactin [9-
11], regulating the release of several neurotransmitters in the central nervous
system [9, 12] and growth hormone release [13]. Galanin has been shown to
act as a mediator of inflammatory pain [14], and also has anti-inflammatory
properties [15]. Injury to other tissues, such as bone, also cause an increase
in tissue GAL concentrations [4, 16]. While little research has focussed on
the effects of GAL on bone, there have been enough studies to indicate that
GAL is a potential regulator of bone cell activity, especially during injury or
diseased states [4, 16-18]. In addition to osteoblasts (OBs) and osteocytes
increasing activity during injury or disease, osteoclast (OCl) activity must
also be highly controlled to assist in bone homeostasis [19, 20]. For example,
excessive bone resorption, via increased OCI number or activity, results in loss
of bone volume and bone diseases such as osteoporosis and osteopaenia [21,
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22]; in contrast, decreases in OCl number and activity lead
to diseases such as osteopetrosis [23]. Immunolabeling has
shown that GAL is present in OCls, and GAL can influence
interleukin-1f (1L-1B) and tumor necrosis factor a (TNF-a)
expression [4, 24, 25], resulting in an increase [26, 27] or
decrease [4, 28, 29] of inflammation. These inflammatory
cytokines also cause a significant increase in the expression
of GAL mRNA [30] while GAL, in turn, can inhibit the
production of TNF-a [31] and 1L-1 [4]. This is extremely
relevant to bone homeostasis, as inflammatory states decrease
bone formation, while increasing bone resorption by OCls
[22, 32, 33]. Therefore, our research investigates the potential
of GAL to regulate OCI actions, thereby controlling bone
resorption and, potentially, treating bone fragility.

Osteoclasts are multinucleated cells of the haematopoietic
cell line formed from the fusion of mononucleated precursors
[34]. The only cells known to be able to resorb bone, OCls have
between three and 100 nuclei and are highly motile [35, 36].
Osteoclastogenesis is regulated by two molecules secreted by
OBs: Receptor activator of nuclear factor kappa-B (RANK)
ligand (RANKL), a tumour necrosis factor family cytokine,
and osteoprotegerin (OPG) [37]. RANKL binding to RANK
on OCls promotes OCIl differentiation, while OPG is a decoy
receptor and binds to RANKL to prevent OCI differentiation
[37]. Nuclear factor kappa-B (NF-«B) activity is one of the
first indicators of differentiation following RANKL binding
and is considered essential for the survival and differentiation
of the OCI1 [38, 39]. Activation of NF-kB leads to activation
of genes required for OCI function [38, 39]. Both TNF-a
and RANKL are both important in the life-cycle of the OCI
and can, like OBs, stimulate transcription [40] or apoptosis
[41], with transcription and apoptotic actions both regulated
through NF-«B [39].

There are two methods by which NF-kxB can be
translocated to the nucleus, known as the canonical and
non-canonical NF-xB signalling pathways [42, 43]. The
canonical pathway involves activation of specific receptors
by various substances including RANKL, TNF-a and IL-1
[43, 44]. Through a process involving Sharpin, the result of
this canonical pathway allows NF-kB to enter the nucleus
and cause transcription [45, 46]. The non-canonical pathway,
conversely, is activated by other TNF-superfamily receptors,
such as RANK [42, 44]. Following stimulation with one of
these ligands (e.g. RANKL), NF-kB also leads to transcription
[44, 47]. The diverse results of NF-kB transcription include
the regulation of bone turnover. This role of NF-xB was
discovered when NF-«B1/2 double knockout (dKO) mice
developed osteopetrosis due to a lack of OCls [48, 49]. This
defective osteoclastogenesis mirrored symptoms in receptor
activator of NF-kB (RANK) and RANKL knockout mice,
in which OCI precursors halt their differentiation at a stage
where they express RANK but fail to express CTHSK
[50]. While these dKO mice have increased numbers of
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OCI progenitor cells, addition of cytokines such as IL-1p,
TNF-0 and RANKL failed to stimulate OCI differentiation
[50]. Differentiation of OCIs in non-GMO mice is highly
regulated by these cytokines through NF-kB, and both NF-
kB and inflammation have been shown to influence, and be
influenced by, GAL [4, 28, 29, 51]. Therefore, GAL is of
interest as an agent of bone turnover.

Previous research has suggested that GAL may have a
therapeutic role in fracture healing and cartilage formation
[24]. This is due to the presence of GAL receptors on
osseous cells, suggesting an in vivo influence on bone
turnover. All three known GAL receptors can also bind the
GAL receptor agonist, galnon (galn), with an affinity in the
micromolar range [52]. Galnon is a non-selective agonist in
the micromolar range for GALR1-2 but is submicromolar
for GALR3 [53]. As previously mentioned, GAL has shown
a direct effect on inflammatory cytokines TNF-a and IL-1§
[4, 54], which act to stimulate osteoclastogenesis [55], and
GAL mRNA has been found in osteoclasts [17]. As such, it
is hypothesised that galn will also have some direct effect on
OCls. These experiments aim to investigate any effects of
GAL and galn on OCls grown in vitro. Utilising OCls grown
in vitro and treated with three concentrations of GAL or three
concentrations of galn, this paper aims to determine the dose-
dependent effects of GAL receptor agonists on: OCI count, as
measured by TRAP staining; the expression of OCI markers
and related apoptotic and inflammatory markers through
analysis of gene expression and, finally; the presence of GAL
receptors stained via immunocytochemistry.

Materials and Methods
Cell culture

Cultures of hematopoietic stem cells (HSCs) were
obtained from the left and right femora of scavenged
C57BL/6 male mice, approximately six months of age, bred
and housed in the La Trobe University Animal Research
& Training Facility. Animal tissues were collected from
animals killed for other purposes (scavenging) and exempt
from Animal Ethics approval. Marrow was flushed using 10x
antibiotic medium consisted of Dulbecco’s Modified Eagle
Medium (DMEM; Gibco Life Technology), antibiotics (1000
units/mL penicillin, 1000 pg/mL streptomycin; Gibco Life
Technology) and 25 pg/mL fungizone (Sigma-Aldrich). The
antibiotic medium containing bone marrow was aspirated and
added to medium containing DMEM, 10% fetal bovine serum
(FBS) (Sigma-Aldrich), 4 mM L-glutamine (Sigma-Aldrich).
Four biological replicates (n=4) were cultured for each
experiment, each with three technical replicates. Collection
of HSCs for OCI culture was performed the same way for
both GAL and galn treatment. Cells were counted using a
TC10™ Automated Cell Counter (Bio-Rad) and diluted
to 1x10° cells/mL with cell-free media. This was plated at
100 pL into 96-well culture dishes or at 400 uL into 24-well
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culture dishes in standard medium and incubated at 37°C in
5% CO, humidified air. This medium was 10% FBS, 4 mM
L-glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin,
and 2.5 pg/mL fungizone in DMEM, along with addition of
25 ng/mL macrophage colony stimulating factor (m-CSF)
(BioLegend). This propagation media was changed three
times per week until 80% confluence was reached.

Osteoclast Differentiation and Treatment

Once cells were 80% confluent (72 hours), RANKL
(Oriental Yeast Co.) was added at 100 ng/mL with 25 ng/mL
mCSF to drive differentiation into OClIs. As per established
protocol, OCls were defined as being TRAP-positive cells
with 3-or-greater nuclei 63. Final differentiation media
was changed three times per week, and treatment groups
containing different concentrations of GAL; at 0 nM (OCl
CTRL), 10 nM (OCIl GAL 10), 100 nM (OCl GAL 100) or
1 uM (OCI GAL 1000) were tested. Treatment was for three
days, and treatment groups contained different concentrations
of galn; 0 nM (OCl galn CTRL), 1 uM (OCl galn 1), 10 uM
(OCl galn 10) or 100 uM (OCl galn 100). All galn treatments
included 0.5% (w/v) DMSO, a solvent for galn.

Tartrate-Resistant Acid Phosphatase Staining

Tartrate-resistantacid phosphatase (TRAP) staining isused
to identify mature OCls [56]. After three days of treatment,
cells were stained using a leukocyte acid phosphatase kit
from Sigma-Aldrich as per the manufacturer’s instructions.
TRAP-positive multinucleated BMSCs were visualised using
a Leica DMBRE research microscope; digital images were
acquired at x200 and x400 with a Leica DFC420C camera
lens with IM50 software (Version 5). Mature OCls were
determined as being TRAP-positive and multinucleated [57].

Analysis of Gene Expression

RNA was extracted from OCI cell cultures and the
expression of a number of genes was measured using RT-
qPCR. Following aspiration of media, RNA was extracted
from cells via homogenisation with PureZOL™ RNA

Table 1: Primer sequences use
Primer Sense
GALR1 4 CGTCCTGGTGGTCGTTGTAG
GALR2 * GCACAGTTGACCCAGTAG
GALR3 4 ACCACCACCGCCTTCATC
IL-1B8 4 TCAGGCAGGCAGTATCAC
TNF-a 4 CACCACGCTCTTCTGTCTAC
CSP3 % TACCCTGAAATGGGCTTGTGT
B-actin & GATTACTGCTCTGGCTCCTAG
CTHSK ¢ CCATATGTGGGCCAGGATG
RANK 62 GGACGGTGTTGCAGCAGAT
SHARPIN ACAGTTGAAGACGCCACATC
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isolation agent from Bio-Rad, as per manufacturer’s
instructions. The purity of RNA was assessed through A,/
A, ratios using the NanoDrop™ 2000 Spectrophotometer

[5288(]). Exactly 25 ng of RNA was then reverse-transcribed to
cDNA using iScript™ ¢DNA Synthesis Kit (Bio-Rad) as per
the manufacturer’s instructions, utilising the CFX Manager™
Version 3.0 (Bio-Rad). Primer sequences, shown in Table 1,
were prepared commercially by GeneWorks Pty Ltd. Where
primer sequences have been previously used in peer-reviewed
manuscripts, references have been provided. Primers were
designed using the Beacon Designer 2.0 Software (Biosoft
International). -actin was used as an internal reference for
each sample. Gene expression was normalised to the B-actin
mRNA level and presented as a relative expression. Genes of
interest were replicated using the CFX Manager™ Version
3.0 (Bio-Rad) programmed to perform the real-time PCR
protocol over 55 cycles using Ssofast Evagreen (Bio-Rad).
The volume of reagents in each well-plate consisted of:
SsoFast™ EvaGreen® Supermix (17.5 pL), working solution
of forward primer (2.5 pL) and reverse primer (2.5 pL),
RNase-free H,O (8.5 pL) and a 1:20 dilution of cDNA (8.5
pL). This mixture was then divided into technical triplicates
with a final volume of 11.5 pL per well. A melt curve
analysis was performed post-cycling to assist in establishing
specificity of DNA products.

Immunocytochemistry of Osteoclast Cultures

After a 72-hour treatment, OCls on coverslips were fixed
with 4% paraformaldehyde. Following fixation, cells were
permeabilized and blocked with 5% normal goat serum
(Thermo-Fisher) in 10 mM phosphate-buffered saline (PBS;
pH 7.2) with 0.1% Tween 20 for 1 hour at room temperature.
Primary antibodies (GALR1, GALR2, or GALR3) ata 4 ng/
mL dilution in 10 mM PBS (pH 7.2) with 0.1% Tween 20
were applied and incubated overnight at 4°C. After washing
with PBS, a 1/200 dilution of Cy3-conjugated goat anti-
rabbit antiserum was added for 1 hour at room temperature.
Following another round of PBS washes, DAPI (0.1 pg/ml)
(Sigma-Aldrich) was applied for 5 minutes to stain nuclei

d for OCI qPCR analysis
Antisense
AGGCAATGGGCGGTGATTC
CCACACGCAGAGGATAAG
ACAGGGTTAGTCTAGTCTCTCC
GGATGGGCTCTTCTTCAAAG
GGCTACAGGCTTGTCACTC
GTTAACACGAGTGAGGATGTG
CATCTGCTGGAAGGTGGAC
AGGAATCTCTCTGTACCCTCTGCA
GCAGTCTGAGTTCCAGTGGTA
CTGAGAACACCTGATCCTGAAG
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blue. After washing and air-drying, coverslips were mounted
with Fluoro-Gel water-based mounting medium (ProSciTech)
on microscope slides. Imaging was performed using a Leica
DMBRE research microscope with appropriate filters for Cy3
and DAPI. High-resolution digital images were acquired with
a Leica DFC420C camera at x200 and x400 magnification,
and DAPI and Cy3 images were overlaid using IM50 software
(Leica Microsystems). Image analysis and quantification was
performed by a third-party, in a double-blind fashion, with
slides randomly coded to eliminate bias.

Statistical Analysis

Statistical analysis was performed on TRAP stain, gene
expression and OCI count to determine the existence of any
significant differences between groups. Normality of data was
analysed via Anderson-Darling testing. A one-way analysis
of variance (ANOVA) was performed between all groups for
each experiment, followed by post-hoc protected Fisher’s
LSD testing to determine any significant difference (p<0.05)
between treatments. All values have been expressed as mean
+ standard error of the mean (SEM). Statistics were analysed
using GraphPad PRISM 10.0 software (GraphPad Software,
Inc, La Jolla, CA, USA).

Results
Galanin-treated Osteoclasts: Cell Culture Results

Untreated BMSCs grown with m-CSF (OCl NEG) were
differentiated into OCls (OCl CTRL) by culturing in the
presence of RANKL for 72 hours. These were further treated
with 10 uM GAL (OC1 GAL 10), 100 uM GAL (OCl1 GAL
100) and 1000 uM GAL (OC1 GAL 1000). OCls grown with
these predetermined concentrations of GAL were counted
following TRAP staining and gene expression analysed
using qPCR, as well as protein localisation of GALR1-R3
via immunocytochemistry. The results are presented below.

Tartrate-Resistant Acid Phosphatase (TRAP) count

Undifferentiated BMSCs grown in 25 ng/mL m-CSF
(OCl NEG) were differentiated to become OCIs by the
addition of 100 ng/mL RANKL (OC1 CTRL). TRAP staining
was performed on cell cultures, with cells counted and OCls
defined as being TRAP-positive cells with 3-or-greater nuclei
[63]. Representative photos of OCls grown in GAL are below
(Figure 1), showing a concentration-specific effect of GAL
on OCI size and number. Osteoclasts treated with 100 nM of
GAL showed a 75% decrease in OCl number compared to OCl
CTRL (**p<0.01) (Figure 2), as well as fewer osteoclasts than
GAL 10, and GAL 1000 treatments (Figure 2A) (¥**p<0.01,
**%p<0.005, *p<0.05 respectively). Similar results were also
found for OCI diameter (Figure 2B), with treatments of GAL
100 showing decreased diameter compared with CTRL, GAL
10 and GAL 1000 treatments (*p<0.05, **p<0.01, *p<0.05
respectively) (n=4, mean+SEM).
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Figure 1: Sample Images of GAL-Treated OCls Stained with TRAP
Stain.

A shows OCI controls (OCl CTRL), while B, C & D
show the development of OCls in the presence of increasing
concentrations of GAL (10 puM, 100 puM and 1000 pM
respectively) (original magnification. x200).
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Figure 2: Quantification of GAL-Treated OCls via TRAP Staining.

(A) OCI1 GAL 100 showed a significant decrease in OCl
count compared to controls (OClI CTRL), while OClI GAL
100 and OC1 GAL 1000 showed significantly fewer mature
osteoclasts than OCl GAL 10 (**p<0.01, ***p<0.005
and *p<0.05 respectively). (B) OCI diameter was also
significantly decreased in OCl GAL 100 compared to all
other groups (*p<0.05; **p<0.01; mean = SEM)

Analysis of Gene Expression

Gene expression was determined via qPCR for GAL-
treated OCI culture extracts, normalised to the housekeeping
gene B-actin, and compared with the normalised expression of
the control group, OC1 CTRL. Expression of RANK (Figure
3A) was significantly increased in OCl GAL 100 treatment
compared with untreated control (***p<0.005), with similar
increases in expression compared with OCl1 GAL 10 and OCl
GAL 1000 (**p<0.01 for both) (Figure 3B), again indicating
a concentration-specific influence of GAL on OCls.
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Figure 3: GAL-Treated OCls Expression of RANK and CTHSK.

A) OCL GAL 100 expresses more RANK than control
OCl (OCl CTRL) and OCL GAL 10 (**p 0.01) B) GAL
100 showed increased Cathepsin K (CTHSK) expression
compared to OCl CTRL (***p<0.005), GAL 10 (**p<0.01)
and GAL 1000 groups (**p<0.01, n=4, mean + SEM).

Treatment with GAL also altered expression of
inflammatory cytokines in OCls, with OCI GAL 100
increasing IL-1B by ~300% vs OCl CTRL and OCl GAL
1000 (Figure 4A) (***p<0.005). OCl GAL 10 increased
expression of IL-1B compared with OCl CTRL (**p<0.01)

A
e —

= 4
=]
-
2 34
g
i ——
=2
=
3 1
=
@
gl — -
& il K u@“
¢ 5 W -
S (=) e
& & ¢
Q OCJ
c Treatment

w
i

=X

o
L

(5]
L

Relative Sharpin Expression
F-N

(=]
L

Treatment

Volume 7 « Issue 1 | 11

and OCl GAL 1000 (*p<0.05). TNF-0, expression was also
increased ~five-fold by OCl GAL 100-treatment versus OCl
CTRL (**p<0.01), OCl GAL 10 (*p<0.05) and OCl GAL
1000 (**p<0.01) (Figure 4B). Expression of Sharpin, a
protein essential for canonical NF-«xB transcription and anti-
apoptosis (Figure 4C), followed a similar trend and increased
five-fold in OCl GAL 100 compared to CTRL (**p<0.01);
OCI GAL 100 also increased Sharpin expression compared
to OC1 GAL 10 (*p<0.05), and OCI GAL 1000 (**p<0.01).
Increased levels of TNF-a directly lead to increased levels of
Sharpin, resulting in transcription and increased numbers of
osteoclasts 45. Expression of CSP3 (Figure 4D), a marker of
apoptosis, remained unchanged between all treatment groups.

A — B. IL-1B expression increased in OCl GAL 10
(**p<0.01) and OCI GAL 100 (***p<0.005) vs untreated
OCls (OCI CTRL). OClI GAL 1000 decreased IL-1fB
expression vs. OCl GAL 10 (*p<0.05) and OCl GAL 100
(***p<0.005). B) TNF-a expression increased in OCl GAL
100 vs. OCl CTRL (**p<0.01), OCI GAL 10 (*p<0.05)
and OC1 GAL 100 (**p<0.01; n=4). C) Sharpin expression
increased in OCl1 GAL 100 treatment vs. all other treatment
groups (n=4, *p<0.05, **p<0.01). D) CSP3 expression
remained unchanged. (mean + SEM).
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Figure 4: GAL-Treated OCls Expression of TNF-a, IL-1f, Sharpin and CSP3.
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Relative expression of GAL receptor subtypes was
determined by qPCR. Expression of GALR1 (Figure 5A)
increased thirty-fold with OCl GAL 100 treatment (29.16 +
4.5) compared with OCI CTRL (1.19 + 0.48) and OCl1 GAL
1000 treatment (2.30 + 0.60) (****p<0.0005, ***p<0.005)
as well as increasing three-fold compared with OCl GAL
10 treatment (12.25 + 2.97) (*p<0.05). GALR1 expression
increased ten-fold relative to OCl1 CTRL (*p<0.05). GALR2
expression (Figure 5B) was also upregulated in OCI GAL
100 treatments (6.23 + 0.81), showing a six-fold increase
compared with OCI CTRL (1.39 + 0.74) (**p<0.005), as
well as significantly increasing compared with OCl GAL
10 (2.8 £ 0.25) (*p<0.01) and OCI GAL 1000 (2.06 + 0.05)
(**p<0.005). GALR3 expression was unable to be quantified
through qPCR, possibly due to extremely low expression
levels.
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Figure 5: GAL-Treated OCls Expression of GAL receptors 1 and 2.

A) OCl GAL 100 showed significantly higher GALRI
expression than control OCI and OCl GAL 1000 groups
(***p<0.005) and OCl GAL 10 (*p<0.05). B) OCl GAL
100 had a significantly higher GALR2 expression than
OCI controls, OCI GAL 1000 (**p<0.01) and OCI GAL 10
(*p<0.05; n=4, mean = SEM).

Figure 6: Immunocytochemical Staining for Presence of GAL
Receptors on GAL-treated OCls.
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Immunocytochemistry

Immunocytochemistry was also performed on OCls
to identify the protein expression of GALR1, GALR2 and
GALR3 (Figure 6). The presence of GALRI] was shown
(Figure 6B) on multinucleated OCls, as well as the presence
of GALR2 (Figure 6C) and GALR3 (Figure 7D).

A) Negative control multinucleated OCI nuclei stained
for DAPI (blue stain, indicated by white arrow). B-D) OCl
cells show immunoreactivity (red staining, indicated by
red arrows) for (B) GALRI, (C) GALR2 and (D) GALR3
antibodies. (original magnification X200)

Galnon-treated Osteoclasts: Cell Culture Results

Untreated BMSCs grown with 25 ng/mL m-CSF (OCl
NEG) were differentiated into OCls (OCI galn CTRL) by
culturing in the presence of 100 ng/mL RANKL and 0.5%
DMSO, a solvent for galn. These were further treated with 1
mM galn (OCl galn 1), 10 mM galn (OCl galn 10) and 100 mM
galn (OCl galn 100). OCIs grown with these predetermined
concentrations of galn were counted via double-blinded
TRAP staining and analysed for RNA expression, as well as
the presence of GALRI-R3 via immunocytochemistry, the
results of which will be presented below.

Tartrate-Resistant Acid Phosphatase Staining
(TRAP Stain)

Undifferentiated BMSCs grown in 25 ng/mL m-CSF
(OCl NEG) were differentiated to become OCIs by the
addition of 100 ng/mL RANKL with 0.5% DMSO (OCI galn
CTRL). TRAP staining was performed on cell cultures, with
cells counted and OCls defined as being TRAP-positive cells
with 3-or-greater nuclei. As seen previously, this treatment
regimen stimulates specific BMSCs to differentiate into
multinucleated OCls. Representative photos of galn 1, 10 and
100 treatments can be seen in Figure 7 A-D. Treatment with
galn decreased OCI number at all concentrations (9 + 3.5,
11.25+1.7,7.75 + 2.8 increasing concentrations respectively)
vs OCl galn CTRL (21.5 + 1.85) (Figure 7 E).
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Figure 7: Representative and Quantified Count of galn-treated OCls
via TRAP Staining.
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Treatments were A) OCl galn CTRL; B) OCl galn 1; C)
OCl galn 10; D) OCl galn 100. Original magnification x200.
E) OCls treated with galn 1, galn 10 and galn 100 showed
decreased osteoclastogenesis compared to control groups
(*p<0.05, **p<0.01; n=4, mean = SEM).

Analysis of Gene Expression

Gene expression was determined via qPCR for galn-
treated OCI culture extracts, normalised to the housekeeping
gene B-actin, and compared with the normalised expression
of the control group, OCIl galn CTRL. Expression of RANK
(Figure 8A) was unchanged between controls and all galn
treatments. Cathepsin K, a marker of osteoclastogenesis,
decreased in OCI galn 1 (0.34 £ 0.03) and OCI galn 10
(0.29 £+ 0.13) compared with OCI galn CTRL (1.28 £ 0.55)
(Figure 8B).
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Figure 8: galn-Treated OCls Expression of RANK and CTHSK.

A) RANK expression was unchanged with galn treatment.
B) OCIs treated with galn 1 and galn 10 showed decreased
expression of the osteoclast marker CTHSK compared to
control groups (*p<0.05; n=4, mean + SEM).
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Figure 9: galn-Treated OCls Expression of IL-1p, TNF-a, Sharpin
and CSP3.
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Expression of the inflammatory cytokine IL-1p (Figure
9 A) was significantly reduced in OCI galn 1 (0.3 = 0.02)
compared with the OCl galn CTRL group (1.65 + 0.72).
Expression of Sharpin, a protein essential for canonical NFxB
transcription and whose absence leads to apoptosis (Figure
9C), was decreased in OCI galn 1 (0.60 = 0.24) compared
to CTRL (2.5 £ 0.61); OCl galn 10 also decreased Sharpin
expression (3.1 + 0.28), as did OCI galn 100 (0.68 + 0.07)
(**p<0.01). Expression of Caspase 3 (Figure 9D), a marker
of apoptosis, was decreased in OCI galn 1 (0.25 + 0.03) and
OCl galn 100 (0.32 + 0.15) compared with OCI galn CTRL
(1.50 £ 0.46) (*p<0.05). There was no significant change in
TNF-a expression.

A) IL-1B expression was decreased in OCl galn 1
compared with OCI galn CTRL, while other groups showed
no change. B) TNF expression was unaffected by galn
treatment. C) OCls treated with all concentrations of galn
showed decreased relative Sharpin expression compared to
control groups. D) Expression of the apoptosis molecule,
CSP3, was decreased in OCl galn 1 and OCl galn 100 vs OCl
galn CTRL (*p < 0.05, **p<0.01; n=4, mean + SEM).

Expression of GAL receptor subtypes was quantified by
gPCR. GALRI expression (Figure 10 A) almost completely
ceased in OCIl galn 1 treatment (0.02 £ 0.02), OCIl galn
10 (0.0001 + 8.3 x 10°) and OCI galn 100 (0.0004 + 7.6 x
10-%) compared to OCI galn CTRL (6.35 + 3.1) (*p<0.05).
Expression of GALR2 (Figure 10B) was unchanged between
all treatment groups, while GALR3 expression was unable to
be quantified through qPCR, possibly due to low expression
levels in the skeletal tissue.

>
@

e = 4
H KB
] @
g )
s =
= I
g Be
I <<
o o
s =
2 €, 1
N o $
> 8 o
& 8t i &
< & o &
& & o A&
o° A
o Treatment < Treatment

Figure 10: galn-Treated OCls Expression of GAL Receptors 1 and
2.

A) Expression of GALR1 was negligible in all galn
treatments (¥*p<0.05). B) No significant difference was found
in GALR2 expression between any treatment groups (n=4,
mean + SEM).

Immunocytochemistry

Immunocytochemistry was also performed on OCls
to identify the protein expression of GALR1, GALR2 and
GALR3. The presence of GALRI was seen (Figure 11B)
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on multinucleated OCls, as well as the presence of GALR2
(Figure 11C) and GALR3 (Figure 11D). It is interesting to
note that the presence of any concentration of galn completely
eliminated any GALR1 protein, while GALR2 was present as
expected (Figure 11C).

Figure 11: Immunocytochemical Staining for Presence of GAL
Receptors on galn-treated OCls.

A) Osteoclasts incubated in the absence of secondary
antibody showed no background staining; B) Osteoclasts
show no immunoreactivity for GALR1 when treated with
any concentration of galn (OCI galn 10 shown), nuclei have
been counterstained with DAPI (white arrows); C-D) OCls
cells show immunoreactivity (red staining, indicated by red
arrows) for (C) GALR2 and (D) GALR3 antibodies (original
magnification X 400).

Discussion

There has been minimal research investigating the
potential link between GAL, GAL receptors and OCI
function. A previous finding noted that OCls lining
unfractured trabecular bone stain moderately-to-intensely
for GALRI-like immunoreactivity (GALR1-LI), and that
the thickened periosteal fibrous matrix surrounding OCls in
fracture calluses stain moderately-to-intensely for GAL-like
immunoreactivity (GAL-LI) [24]. Similarly, GAL labelling
is increased in OCls cultured from arthritic rats [15]. The use
of flavonoid compounds containing GAL, such as the resin
propolis, have been shown to suppress OCl activity [64],
however it needs to be determined whether it was specifically
GAL, or another substance, which led to the suppression
of OCI activity in this study. The above research led to
our hypothesis that GAL and its non-peptide agonist, galn,
may be able to influence OCI activity, and therefore be of
benefit in the treatment of bone disease. As GAL has also
been shown to function in a dose-dependent manner [4, 65],
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the experiments in this manuscript utilised a series of three,
exponentially-increasing concentrations of either GAL, or its
GAL receptor agonist, galn, to determine the effects of these
compounds on OCls in vitro . In experiments conducted in
this paper, the middle, moderate dose (100 ng) of GAL led
to significantly fewer TRAP-positive, multinucleated cells
than the OCl CTRL group. As only this one concentration
of GAL led to this decrease in OCl number, GAL seems to
act in a dose-dependent manner to regulate OCI proliferation.
Additionally, galn treatment also showed fewer TRAP-
positive, multinucleated OCls than the control group. This
occurred in all galn doses and indicates that galn may be
a more potent inhibitor of OCl formation, regardless of
dosage. There may also be other avenues through which galn
may inhibit bone loss; the effect of galn on OBs should be
elucidated, as OBs can directly control OCI proliferation and
maturity [66]. While experiments in this manuscript utilised
co-cultures of undifferentiated MSCs and HSCs which were
differentiated to become multi-nucleated, TRAP-positive
OCls, it is now important to investigate the actions of GAL
and galn in co-cultures of differentiated OBs and OCls to
see if there is an even stronger inhibition of OCIl formation,
both directly on OCls and also indirectly through a decreased
RANKL: OPG ratio from OBs.

The dose-dependent effect of GAL continues to be evident,
with OCI number affected by only the moderate, middle
dose of GAL. Expression of RANK, a receptor found on the
surface of OCls, is increased significantly in cells treated with
the moderate dose of GAL, as is CTHSK, a bone resorptive
molecule. Both of these markers could indicate an increase in
OCl differentiation [67, 68]. These findings are, however, in
contrast with the OCI count and size measurements, and were
unexpected. To help explain this anomalous finding, GAL
has previously been shown to either promote [15] or inhibit
[69] cell migration, and although gene expression may have
increased in OCI progenitor cells, migration and fusion of
these cells into mature OCls may have been affected. This is
an important finding which may lead to alternate approaches
to OCl regulation. No change was seen in RANK expression
for any galn concentration treatment, while both the lowest
(OCl galn 1) and moderate (OCI galn 10) groups significantly
decreased CTHSK expression. Once again, this shows that
low-to-moderate galn-treatment is capable of decreasing
OCl count and gene expression, giving us a strong indication
that treatment of OCl-induced bone diseases with galn may
be a new area of research. As OCI proliferation and activity
is increased in the presence of inflammation [70-72], we
next investigated the effects of our GAL receptor ligands on
inflammation. Previous research has shown that GAL can
decrease the effects of inflammation with both treatment
[4, 73] and GAL knock-out experiments [74]. Interpretation
of these findings suggests GAL as a potential treatment for
inflammation-induced bone resorption. In the experiments
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performed in this experiment, expression of IL-1f was
significantly increased in low and moderate GAL-treated
groups, while the moderate dose also showed increased
expression of the inflammatory cytokine TNF-a. As increased
inflammation is a potent driver of OCl differentiation and bone
resorption [75], an increase in expression of TNF-a and IL-13
may explain the changes in RANK and CTHSK expression
seen in these GAL-treated cultures. For galn treatments, only
the lowest galn treatment showed any significant change,
with a decrease in IL-1 expression. This is a particularly
important finding, as a decrease in inflammatory cytokine
expression is particularly important in treating bone disease
[22, 76]; of interest, recent research has identified rutin, a
naturally occurring pigment containing GAL, as being of
particular interest as a treatment for osteoporosis due to its
ability to limit inflammatory cytokines [77, 78]; once again,
however, there is no way identify which component of
rutin elicited this change in inflammation. Our findings are
extremely important, as they show that galn and GAL have
opposite effects on inflammation and that galn, in particular,
may be of use in combating bone disease.

As inflammatory cytokines such as TNF-a, IL-1p and
RANKL can act via the Sharpin pathway to cause either
transcription [79] or apoptosis [80], the expression of Sharpin
mRNA was also of interest. Increases in Sharpin have been
shown to lead to increased osteoclastogenesis [81], while
decreases in Sharpin lead to apoptosis [82]. In our study,
Sharpin expression was significantly higher in cells treated
with a moderate dose of GAL, and as there was no change in
the expression of the apoptotic gene, CSP3, the decrease in
OCI number does not seem to be related to programmed cell
death. This upregulation of Sharpin expression implies that
a moderate dose of GAL may increase inflammation, which
increases osteoclastogenesis. This was not reflected in the
TRAP-staining results, however, and may indicate that OCI
activity, rather than OCl number, was increased. Future studies
should utilise resorption pit assay to analyse the resorptive
capacity of these OCls. Contrarily, concentrations of galn
decreased expression of Sharpin. Experiments by Wang
and colleagues have demonstrated that decreased Sharpin
leads to a decrease in OCl number with an accompanying
increase in OCI apoptosis [82]; our findings, however, did
not show any change to OCl number or apoptosis. It needs
to be acknowledged, however, that gene expression via
mRNA does not always correlate with protein translation
[83] although mRNA expression has been shown to correlate
quite strongly with protein concentration in many systems
[84-86]. Furthermore, although our findings do not support
the findings of Wang and team, we have shown significant
changes in OCIs treated with galn. Therefore, further
investigation is warranted to elucidate the actions of galn on
Sharpin and CSP3 in vitro. Overall, the differing actions of
GAL and galn on inflammation and Sharpin expression show
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that, as seen in other experiments [52, 87, 88], GAL and galn
may have different actions. These conflicting actions may
occur as a result of activation of different receptors. As such,
we next analysed the expression, and protein localisation, as
measured via gPCR and immunocytochemistry, respectively,
of GALR1-3.

The expression of GALR1 was significantly increased
for cells treated with a low and moderate dose of GAL, and
expression of GALR2 was also increased in the moderate
GAL-dosed OCls. Both GALR1 [26] and GALR2 [27]
have been shown to act, in certain circumstances, to
increase inflammation and thus, presumably, increase
activity of their downstream regulator, Sharpin. Results of
the experiments in this experiment show that GAL-treated
OCls show localised expression of GALR1, GALR2 and
GALR3 protein. Therefore, GAL most likely acts to increase
inflammation through either GALR1 or GALR2 rather than
GALR3, as GALR3 has been shown to have strictly anti-
inflammatory actions [28, 29, 74]. Our results indicate that,
whether via activation of GALR1 or GALR2, GAL increases
inflammation in a dose-dependent manner in OCls cultured
in vitro. Inflammation has been proven to increase OCls
numbers [72], although a decrease in mature, multinucleated
OCls was observed. As GALR2 has previously been shown
to influence non-osseus cell and tissue motility [89, 90] we
propose that GAL, possibly via GALR2, limits motility and
fusion of OCI precursors in the same manner, thus leading to
decreased numbers of mature OCls. Treatment with all doses
of galn, however, showed no change in GALR2 expression,
while virtually eliminating any expression of GALR1; galn
treatment also eliminated any localisation of GALR1 protein.
Therefore, the different actions of GAL and galn discovered
in this laboratory may be due to the differing availability of
GALRI1 as an OCI binding site.

In conclusion, while both GAL and galn decreased OCl
number in vitro, galn seems to show greater potential as a
negative regulator of OCI proliferation and activity via its
action on OCl markers and precursors. As treatment with
GAL generally showed an increase in GALR1 expression,
and treatment with galn eliminated GALR1 expression, the
differing abilities of these GAL-receptor agonists to regulate
OCl activity may be due to GALRI1 binding. Further studies
should look into resorption assays to quantify OCI activity,
while GALR1-KO or GALRI1-antagonist studies would be
expected to verify the findings of galn as a potent inhibitor of
bone resorption. Therefore, this leads us to hypothesise that
galn may be of benefit as a treatment for osteoporotic bone
disease.
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