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Aims

Transcription factor nuclear factor kappa B (NF-kB) plays a major role in the pathogenesis of
chronic inflammatory diseases in all organ systems. Despite its importance, NF-xB targe-
ted drug therapy to mitigate chronic inflammation has had limited success in preclinical
studies. We hypothesized that sex differences affect the response to NF-«xB treatment during
chronic inflammation in bone. This study investigated the therapeutic effects of NF-«B decoy
oligodeoxynucleotides (ODN) during chronic inflammation in male and female mice.

Methods

We used a murine model of chronic inflammation induced by continuous intramedul-
lary delivery of lipopolysaccharide-contaminated polyethylene particles (cPE) using an
osmotic pump. Specimens were evaluated using micro-CT and histomorphometric analyses.
Sex-specific osteogenic and osteoclastic differentiation potentials were also investigated
in vitro, including alkaline phosphatase, Alizarin Red, tartrate-resistant acid phosphatase
staining, and gene expression using reverse transcription polymerase chain reaction
(RT-PCR).

Results

Local delivery of NF-kB decoy ODN in vivo increased osteogenesis in males, but not females,
in the presence of chronic inflammation induced by cPE. Bone resorption activity was
decreased in both sexes. In vitro osteogenic and osteoclastic differentiation assays during
inflammatory conditions did not reveal differences among the groups. Receptor activator
of nuclear factor kappa B ligand (Rankl) gene expression by osteoblasts was significantly
decreased only in males when treated with ODN.

Conclusion

We demonstrated that NF-kB decoy ODN increased osteogenesis in male mice and
decreased bone resorption activity in both sexes in preclinical models of chronic inflam-
mation. NF-kB signalling could be a therapeutic target for chronic inflammatory diseases
involving bone, especially in males.

Article focus Key messages
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«B) modulation during chronic inflam- inflammation.
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mice and decreased bone resorption activity in both sexes
in preclinical models of chronic inflammation.

Strengths and limitations

* This study demonstrated the sex-dependent effects of NF-
kB inhibition on osteogenesis during chronic inflammation.

* Further studies are needed using human samples to
translate these findings to a clinical setting.

Introduction

Chronic inflammation is associated with numerous ortho-
paedic conditions including osteoarthritis (OA), rheumatoid
arthritis (RA), ankylosing spondylitis, osteonecrosis, osteoporo-
sis, and delayed and nonunion of fractures.'® Transcription
factor nuclear factor kappa B (NF-xB) regulates key genes
involved in chronic inflammation,”'® and the NF-xB signalling
pathway has been regarded as a potent therapeutic target
for chronic inflammation.'""* The NF-xB decoy oligodeoxynu-
cleotides (ODN) are one of the candidates for clinical appli-
cation that directly prevent the binding of NF-kB to the
promoter regions of targeted genes, leading to the attenua-
tion of gene activation.'* Despite some evidence of preclinical
success in in vitro and in vivo studies,””"” NF-xB direct-targe-
ted therapy to mitigate chronic inflammation of bone has
not been translated yet. Instead, other diagnostic or therapeu-
tic approaches have been pursued.” For example, Denosu-
mab inhibits the maturation of osteoclasts by binding to
and inhibiting receptor activator of NF-kB ligand (RANKL) on
pre-osteoclasts, but does not directly inhibit the inflamma-
tory cascade."” To translate NF-xB direct-targeted therapy into
clinical success, further preclinical experiments from different
points of view should be conducted.

The importance of sex differences in biological
processes has recently garnered increasing interest.”” Females
have a different biological hormone cycle compared to
males.”’ Sex-based dimorphism is also a consequence of
differences in other factors like X-chromosome inactivation,
anatomy, sex, or life experiences.”” In spite of these sex-spe-
cific differences, unfortunately, the majority of preclinical
research has focused on only male subjects.”*** To address
this concern, in 2014 the National Institutes of Health in
the USA recommended the policy of sex as a key biological
variable in preclinical, translational, and clinical studies.”” There
is certain epidemiological evidence of sexual dimorphism in
the orthopaedic field.”**° In the research field, sex differen-
ces in the regulation of osteogenesis in mice have been
described.’'** Furthermore, sexual dimorphism is also evident
in inflammatory conditions.”®** Despite these reports, rarely
do we see research studies of differentiating responses to
immune therapies between sexes, particularly for the purpose
of augmenting bone regeneration. To explore this knowledge
gap, our study attempted to investigate the sexual dimor-
phism of immune therapies for bone regeneration.

In this study, we hypothesized that there exist sex-
dependent differences in the therapeutic responses to
mitigate NF-kB overexpression during chronic inflammation.
The inclusion of both sexes in animal research will facilitate
mechanistic analyses and drive important discoveries that
previous studies which included only each sex could not
reach. This study investigated the therapeutic effect of NF-«xB

decoy ODN in different sexes using in vitro and in vivo murine
models of chronic inflammation in bone.

Methods

Animal study

The animal experimental protocol was reviewed and approved
by our institution’s Administrative Panel on Laboratory Animal
Care (APLAQ). Institutional Guidelines for the Care and Use of
Laboratory Animals were followed in all aspects of this project.
All studies were carried out in compliance with the ARRIVE
guidelines. All outcome measurements in animal study were
evaluated by two blinded independent observers (MT, JK) and
averaged (mean) to minimize observer bias.

Mice

Ten- to 12-week-old BALB/c male and female wild-type mice
(Jackson Laboratory, USA) were used and randomly assigned
in all experiments (n = 5 in each group). Power analysis was
carried out to determine a sufficient number of mice based
on detecting a significant difference of 1.5 standard deviations
(SDs) (effect size 1.5) with a power of 80% (o = 0.05, f = 0.20).
We used all mice assigned, but some were excluded during the
sample preparation because of technical difficulties. Mice were
housed in a specific pathogen-free facility with a 12-hour light,
12-hour dark cycle and given free access to food and water.

Ultra-high molecular weight polyethylene particles

The polyethylene particles (PE) were obtained as previously
described.” Briefly, Ceridust 3610 PE (Clariant, USA) were
washed with 100% ethanol and filtered using a 20 pm pore
membrane. The mean particle size of 4.62 pym (SD 3.76) was
confirmed by electron microscopy (Cell Science Image Facility
at Stanford University). The particles were vacuum dried for
three days and resuspended in phosphate-buffered saline
(PBS) containing 5% bovine serum albumin (BSA; Thermo
Fisher Scientific,c USA). The final concentration of particles
was approximately 3.1 x 10" particles/ml. Lipopolysaccharides
(LPS; MilliporeSigma, USA) were used to generate contamina-
ted polyethylene particles (cPE; 1.25% of PE, and 10 ng/ml of
LPS) to enhance the inflammatory reaction.”

NF-«xB decoy oligodeoxynucleotide

The NF-kB decoy ODN was custom synthesized (Integrated
DNA Technologies, USA) according to the sequences of
5'-CCTTGAAGGGATTTCCCTCC-3" and 3'-GGAACTTCCCTTCCCTA
AAGGGAGG-5"7

Murine continuous femoral particle infusion model

The model was generated as previously described (Figure
1).35% Mice were anaesthetized with inhalation of 1% to
3% isoflurane, and buprenorphine (0.3 to 1 mg/kg) was
administered prior to and during the surgery as an analge-
sic agent. The right distal femur was exposed via a lateral
parapatellar approach. Then, a hollow titanium rod (6 mm
long, 23 gauge) was press-fit into the distal femoral canal.
For the continuous infusion, an osmotic pump containing
10% BSA/PBS with cPE was implanted into the dorsal side of
the mouse subcutaneously through a second incision around
the right shoulder girdle. This pump was connected to the
implanted rod via a subcutaneous vinyl catheter tube. After
primary surgery, all mice were infused with cPE for three
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Fig. 1

In vivo experimental design. The images of the murine model of continuous chronic inflammation. The hollow rod was press-fit into the distal femur
canal. Timetable of the experimental design is shown. cPE, contaminated polyethylene particles; ODN, oligodeoxynucleotides; ROI, region of interest.

weeks to induce chronic inflammation. The second surgery
was performed to replace pumps three weeks after the
primary surgery. In the control group, pumps were changed
to new ones containing 10% BSA/PBS with cPE. In the ODN
group, pumps were replaced with new ones filled with 10%
BSA/PBS with cPE and NF-kB decoy ODN (50 uM). All mice
were euthanized by CO, inhalation three weeks after the
second surgery.

Immunofluorescence for macrophage phenotype

Femoral sections were prepared as previously described.***’
Briefly, the femora were harvested, fixed overnight in 4%
paraformaldehyde, demineralized in 0.5 M ethylenediamine-
tetraacetic acid (EDTA, pH 7.4), and embedded in optimal
cutting temperature compounds. The region of interest (ROI)
located 3 mm from the distal end of the femur was cut into
10 pum-thick transverse sections. Immunofluorescent staining
for macrophage was performed to confirm the inflamma-
tory conditions. Macrophages were identified by anti-CD11b
antibody (1:500; Abcam, USA), M1 proinflammatory macro-
phages by anti-inducible nitric oxide synthase (iNOS) (1:500;
Abcam), and M2 anti-inflammatory macrophages by anti-liver
Arginase 1 (Arg1) antibody (1:500; Abcam). The iINOS/CD11b
and the Arg1/CD11b double-positive cells were calculated as
the M1 and M2 macrophages, respectively, using QuPath (GNU
General Public License v3.0).*

Histology and immunohistochemistry

Alkaline phosphatase (ALP) staining and tartrate-resistant acid
phosphatase (TRAP) staining were performed as previously
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described.”* Briefly, ALP staining (1-Step NBT/BCIP Substrate
Solution; Thermo Fisher Scientific) detected bone formation
area, and the percentage of ALP-positive area of the bone
was quantified using QuPath. The TRAP staining kit (Mil-
liporeSigma) identified osteoclast-like cells. Multi-nucleated
TRAP-positive cells located on the bone perimeter within
the resorption lacunae were defined as osteoclast-like cells
and counted. Both scores were evaluated by two blinded
independent observers (MT, JK) and averaged (median) from
three randomly selected areas to minimize observer bias.

Micro-CT

After the mice were euthanized, the titanium rod was
removed from the distal femur. Micro-CT scans were
performed using TriFoil Imaging CT120 (TriFoil Imaging,
USA) with 49 um resolution. A 4 mm X 4 mm X 3 mm ROI
that started 3 mm from the distal end of the femur and
proceeded proximally was created.’®*® The threshold bone
mineral density (BMD, mg/mm?®) was quantified using GEMS
MicroView software (Parallax Innovations, Canada) (thresh-
old: 700 HU).

In vitro osteogenic differentiation assay

Bone marrow-derived mesenchymal stromal cells (MSCs) were
isolated from mice."****" Cells were pre-treated with cPE
(1.25% of PE, and 10 ng/ml of LPS) for two days to induce
the inflammatory condition. Then, cells were subsequently
cultured with/without cPE and with/without ODN (0.1 or
1 uM) in o-minimum essential medium (MEM; Thermo Fisher
Scientific) with 10% fetal bovine serum (FBS; Thermo Fisher
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Immunofluorescence for macrophages in vivo. Representative images of immunofluorescence for macrophages are shown (scale bar = 100 um).
Quantitative assessments of the M1 positive (INOS positive) cells and the M2 positive (Arg1 positive) cells were performed, on male (control group: n
= 4; oligodeoxynucleotide (ODN) group: n = 5) and female mice (control group: n = 6; ODN group: n = 6). *p < 0.05, **p < 0.01, Mann-Whitney U test.
Arg1, Arginase 1; cPE, contaminated polyethylene particles; DAPI, 4X,6-diamidino-2-phenylindole; iNOS, inducible nitric oxide synthase.

Scientific), 1% antibiotic-antimycotic (A/A; Thermo Fisher
Scientific), 10 mM B-glycerol phosphate (MilliporeSigma),
50 puM ascorbic acid (MilliporeSigma), and 100 nM dexametha-
sone (MilliporeSigma). ALP staining and reverse transcription
polymerase chain reaction (RT-PCR) for gene expression were
performed on day 7, and Alizarin Red staining for calcified
bone matrix on day 21. Whole-well images were captured
using BZ-X810 (KEYENCE, Japan), and ALP and Alizarin Red
positive areas were measured using QuPath (n = 5 in each
group). To compare the osteogenic differentiation ability
under different inflammatory conditions, the cells were also
pre-treated with ODN. The pre-treatment with cPE simulated
the inflammatory exposure to particles similar to our in vivo
experiments; pre-treatment with ODN aimed to investigate
the preventive ability of ODN prior to exposure to cPE.

In vitro osteoclastic differentiation assay

Primary bone marrow cells were isolated and cultured in
o-MEM supplemented with 10% FBS, 1% A/A, and 10 ng/ml
macrophage colony-stimulating factor (M-CSF; R&D Systems,
USA).”** Following the same protocol described above, cells
were pre-treated and cultured in an osteoclastogenic medium
containing a-MEM supplemented with 10% FBS, 1% A/A,
10 ng/ml M-CSF, and 50 ng/ml RANKL (R&D Systems). To
examine the osteoclastic differentiation ability, TRAP staining
was performed on day 7 after the differentiation started.
TRAP-positive cells in the three randomly selected areas (1
mm?) were counted and averaged (median) using BZ-X810 (n
=5in each group).

Cell proliferation and viability assay

Cell proliferation and viability were evaluated during the
osteogenic and osteoclastic differentiation assay using
alamarBlue Cell Viability Reagent (Thermo Fisher Scientific)
according to the manufacturer’s protocol. Fluorescence was
measured using SpectraMax iD3 (Molecular Devices, USA).

Quantitative real-time RT-PCR

Total RNA was extracted on day 7 of the osteogenic differen-
tiation assay using TRIzol reagent (Thermo Fisher Scientific).
Total RNA was reverse-transcripted to complementary DNA
(cDNA) using iScript Reverse Transcription Supermix (Bio-Rad,
USA). Quantitative real-time RT-PCR was performed using
QuantStudio 6 Pro (Thermo Fisher Scientific) and PowerTrack
SYBR Green Master mix (Thermo Fisher Scientific). Respec-
tive data were normalized against the corresponding levels
of Actin (n = 4 in each group). Primers are summarized in
Supplementary Table i.

Statistical analysis

The Mann-Whitney U test was used to compare data between
two groups, and the Kruskal-Wallis test with Dunn’s multiple
comparisons between data in three or more groups. Data were
expressed as median with an interquartile range. All analyses
were performed using GraphPad Prism 9 (GraphPad Software,
USA), and statistical significance was set at p < 0.05.
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Tartrate-resistant acid phosphatase (TRAP) staining in vivo. Representative images of TRAP staining and quantitative analysis of TRAP-positive cells
(white arrows) are shown (scale bar = 100 pm) for male (control group: n = 7; oligodeoxynucleotide (ODN) group: n = 9) and female mice (control
group: n =5; ODN group: n = 6). *p < 0.05, ***p < 0.001, Mann-Whitney U test. cPE, contaminated polyethylene particles.

Results

Local delivery of NF-kB decoy ODN attenuated chronic
inflammation and bone resorption activity induced by
continuous cPE infusion in both sexes

It was shown that cPE increased chronic inflammation and
bone resorption activity.” In both sexes, the M1 cell propor-
tion was decreased and the M2 cell proportion was increased
in the ODN group (Figure 2), indicating that NF-xB decoy ODN
attenuated cPE-induced chronic inflammation. In the ODN
group, there were fewer TRAP-positive cells than in the cPE
group in both male (p < 0.001) and female (p < 0.05, both
Mann-Whitney U test) mice (Figure 3).

Local delivery of NF-kB decoy ODN increased osteogenesis
in male but not female mice despite chronic inflammation
induced by cPE

It was reported that cPE treatment reduced osteogenesis.”
In male mice, ALP positive area and the BMD in the ODN
group were increased compared with the cPE group (p < 0.05,
Mann-Whitney U test) (Figure 4). However, in female mice,
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there were no significant differences between the two groups
in both ALP positive area and BMD.

Male-derived MSCs exhibited greater osteogenic ability
than females but there were no differences among the
groups within each sex

To investigate why treatment effects differed between the
sexes in vivo, we performed an in vitro osteogenic differentia-
tion assay. Using this assay, cell proliferation was not affected
by the different treatments (data not shown). ALP-positive
areas were comparable among groups of each sex. How-
ever, male mice showed a greater ALP-positive area than
female mice (p < 0.05, Kruskal-Wallis test with Dunn’s multiple
comparisons). These trends were similar for Alizarin Red
staining (Figure 5).

NF-kB decoy ODN attenuated gene expression of Rankl in
males but not females in the presence of cPE

To explore the mechanisms of inflammation and osteogene-
sis, we conducted RT-PCR using cells collected during the
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Fig. 4
Alkaline phosphatase (ALP) staining and micro-CT analysis in vivo. Representative images of ALP staining and quantitative analysis of ALP positive
area proportion are shown (scale bar = 100 pm) for male (control group: n = 7, oligodeoxynucleotide (ODN) group: n = 9) and female mice (control
group: n =5, ODN group: n = 6). Quantitative assessments of bone mineral density (BMD) are also shown for male (control group: n = 8, ODN group:
n = 7) and female mice (control group: n = 6, ODN group: n = 5). *p < 0.05, Mann-Whitney U test. cPE, contaminated polyethylene particles; ns,
non-significant.

osteogenic differentiation assay. We checked the osteogen-
esis-related gene expressions of runt-related transcription
factor 2 (Runx2), collagen type 1 alpha 1 (Col7al), osteopontin
(Opn), bone gamma-carboxyglutamate protein 2 (Bglap2), and
receptor activator of nuclear factor kappa-B ligand (Rankl).
ODN treatment significantly reduced expression of Rankl in
males in the presence of cPE (p < 0.05, Kruskal-Wallis test with
Dunn’s multiple comparisons) (Figure 6), while no significant
difference was noted in females.

ODN treatment decreased the cPE-induced TRAP-positive
cells both in male and female mice in vitro

Osteoclastic differentiation assay was used to confirm the
ability of ODN to modulate osteoclastic activity in vitro.
No significant difference was detected between sexes. Cell
viability was not affected by the ODN treatment (data not
shown). Co-culture with cPE increased the number of TRAP-
positive cells, but ODN attenuated this effect both in males
(p < 0.05) and females (p < 0.01, both Kruskal-Wallis test with
Dunn’s multiple comparisons) (Figure 7).

ODN pre-treatment increased osteogenesis in males and
decreased bone resorption in males and females

We performed another in vitro study using ODN pre-trea-
ted cells before inducing inflammation with cPE. We found
that only male murine cells pre-treated with ODN showed

cPE only cPE+ODN

cPE only cPE+ODN

higher ALP (p < 0.05) and Alizarin Red (p < 0.05, both Kruskal-
Wallis test with Dunn’s multiple comparisons) positive areas
versus the control group with/without cPE. Following the
pre-treatment with ODN, cPE-induced TRAP-positive cells were
decreased in both sexes (p < 0.05, Kruskal-Wallis test with
Dunn’s multiple comparisons). ODN pre-treatment suppressed
subsequent cPE-induced osteoclast differentiation in female
cells (Figure 8).

Discussion

Human diseases can affect men and women differently.
This sex-based dimorphism is a consequence of differ-
ences in X-chromosome inactivation, sex hormones, and
other factors such as anatomy, sex, or life experiences.””
Genetically, X-chromosome inactivation provides compen-
sation for X-linked genes between XX females and XY
males. X-inactivation in females results in limited expres-
sion of the mutation genes, which gives females protec-
tion from immune deficiency. Biologically, sex hormones,
such as oestrogen, progesterone, and androgen, mediate
sex-based differences in skeletal function”® and immune
responses.”” While the disease activity of RA is ameliora-
ted during pregnancy, it tends to flare in the postpar-
tum period when oestrogen and progesterone levels fall.*
Furthermore, there is epidemiological evidence of sexual
dimorphism in the orthopaedic field. OA* RA* and
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Fig.5

In vitro osteogenic differentiation assay pre-treated with contaminated polyethylene particles (cPE). Quantitative analysis of alkaline phosphatase
(ALP) and Alizarin Red positive area proportion (%/well) and representative whole-well images of each group are shown (n = 5, each group).
The comparison of ALP and Alizarin Red positive area proportion (%/well) between male and female cells is also shown (n = 5, each group).
*p < 0.05, **p < 0.01, Kruskal-Wallis test with Dunn’s multiple comparisons. cPE, contaminated polyethylene particles; ns, non-significant; ODN,

oligodeoxynucleotides.

osteoporosis” are clinically more common in females, but
ankylosing spondylitis®® and osteonecrosis of the femoral
head®* are predominant in males. In the research field,
sexual dimorphism in the regulation of osteogenesis in
mice has been described.’’** For example, trabecular bone
mass of female adult mice was lower compared with male
mice.”’ Moreover, the sex-specific difference in osteoclasto-
genesis has also been reported. Protein kinase C § (PKC-9)
regulates androgen receptor transcription by binding to its
promoter, and PKC-3 conditional knockout in osteoclasts
exhibited increased bone mass only in male mice.”
Despite reports of sexual dimorphism in bone, the
detailed mechanism is poorly understood. Immoderate
emphasis has also been placed on females with regard
to different ovarian cycle phases. Although oestrogen
replacement therapy is effective for postmenopausal
osteoporosis, its effectiveness for severe osteoporosis is
clinically inferior compared to denosumab.'® This suggests
that factors other than sex hormones might be related to
sex differences in osteogenesis. Clinical studies in males
often generate different results from females, exemplified
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by sex differences in response to many drugs.” The
inclusion of both sexes in animal research will facili-
tate mechanistic analyses and drive important discover-
ies in both basic and clinically relevant research.”* NF-«xB
direct-targeted therapy to mitigate chronic inflammation
of bone has not been translated despite some preclinical
success. The aim of our study was to investigate sex-
related responses to NF-kB decoy ODN treatment under
chronic inflammatory conditions.

In our in vivo experiments, osteogenesis in the NF-kB
decoy ODN treatment group was increased compared with the
non-treatment group only in male mice. This result highlights
different response mechanisms between sexes to the ODN
treatment. In our in vitro differentiation assays, male mice
exhibited more osteogenic ability than female mice, which is
consistent with other previous reports.’’** However, in the ALP
activity, Alizarin Red, and TRAP assays, there were no differ-
ences between groups in both sexes regardless of the ODN
treatment. Only Rankl expression in osteoblasts was statisti-
cally significantly decreased in males under chronic inflamma-
tion. The mechanism for differences in in vivo responses to
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Male

Runx2 Col1a1 Opn

1.5

Relative gene expression (/Control)
Relative gene expression (/Control)
Relative gene expression (/Control)

Col1a1 Opn

2.0 2.0

Relative gene expression (/Control)

Relative gene expression (/Control)
Relative gene expression (/Control)

Fig.6

Bglap2

Rankl
1.5+ [ Control
* [ cPE only
E3 cPE + ODN

1.59

Relative gene expression (/Control)
Relative gene expression (/Control)

Bglap2 Rankl

[] Control
21 cPE only
B3 cPE + ODN

Relative gene expression (/Control)
Relative gene expression (/Control)

Gene expressions during the osteogenic differentiation assay pre-treated with contaminated polyethylene particles (cPE). The results of reverse
transcription polymerase chain reaction (RT-PCR) on day 7 during the osteogenic differentiation assay are shown. The blue graph shows the results
for males and the red for females. Values are shown as relative gene expression levels to the control group. The concentration of nuclear factor kappa
B (NF-«xB) decoy oligodeoxynucleotide (ODN) was 0.1 uM. n = 4, each group. *p < 0.05, Kruskal-Wallis test with Dunn’s multiple comparisons. Bglap2,
bone gamma-carboxyglutamate protein 2; Col1al, collagen type 1 alpha 1; Opn, osteopontin; Rankl, receptor activator of nuclear factor kappa-B

ligand; Runx2, Runt-related transcription factor 2.

NF-kB treatment between the sexes is speculative. Osteogen-
esis was not influenced by sex hormones in vitro, so the
differences in sex hormones would be insufficient to explain
these findings. Osteocytes are the major sources of RANKL
during the bone remodelling process,” and the expression
of Rankl in osteoblasts has been reported to be essential
to subsequent osteogenesis. Rankl expression by osteoblasts
has a function as receptors that recognize RANK released
from osteoclasts.”® This osteoblastic Rankl promotes osteoblas-
tic differentiation and osteogenesis. We observed sex-spe-
cific responses to ODN treatment in vivo, but not in vitro
osteoblast monoculture. One possibility is that the downre-
gulation of Rankl genes in males may partially explain the
sex differences in our in vivo studies. NF-kB is activated
by two separate pathways: the classical pathway and the
alternative pathway.”’ In this study, chronic inflammation was
induced by PE contaminated with LPS, which is a key activator
of the classical NF-xB pathway. Furthermore, several vital
regulators in the classical NF-kB pathway such as inhibitor of
NF-kB kinase subunit beta (IKKB) and p65 have been repor-
ted to have an association with RANKL, although RANKL
activates both classical and alternative pathways of NF-xB
in osteoclastogenesis.”® For example, IKKB is required for
osteoclastogenesis both in vitro and in vivo.” Mice lacking
p65 in the haematopoietic compartment showed a deficient

osteoclastogenic response to RANKL.*® Based on these facts,
the sex-dependent different response to NF-kB decoy ODN
in this study is likely to be associated with the classical
NF-xB pathway. Another NF-kB inhibitor, parthenolide (PAR),
mitigated PE-induced osteolysis in a murine model.®" Although
PAR could not reduce elevated serum levels of type-1 carbo-
terminal collagen crosslinks (CTX-1) and osteoclast-associated
receptor (OSCAR), the relatively short-term PAR treatment
(intermittent delivery for ten days) was mentioned as one
of the possible reasons for this failure. In our in vivo study,
we examined the effect of a three-week continuous infusion
of NF-xB decoy ODN, which is longer than the previous
report.®’ Serum CTX-1 and OSCAR levels were not measured
in our study, but the NF-xB decoy ODN could potentially have
regulated the above osteoclastogenic factors in our murine
model due to the increased duration of drug delivery.

Sexual dimorphism is also evident in inflammatory
conditions. Males generally mount a more aggressive
inflammatory response to microbial pathogenesis than
females, and females have diminished proinflammatory
responses compared to males.** Furthermore, different strains
of mice have different immunological characteristics. BALB/c
mice are less resistant to inflammation compared to C57BL/
6 mice.”” Our study was performed in the presence of a chronic
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In vitro osteoclastic differentiation assay pre-treated with contaminated polyethylene particles (cPE). Quantitative analysis of tartrate-resistant acid
phosphatase (TRAP) staining in vitro is shown. TRAP-positive cells were evaluated within the range of 1 mm? (n = 5, each group). The comparison of
TRAP-positive cells between male and female cells is also shown. Representative images of TRAP-positive cells (red arrows) are shown (scale bar =
250 um). *p < 0.05, **p < 0.01, Kruskal-Wallis test with Dunn’s multiple comparisons. ns, non-significant; ODN, oligodeoxynucleotides.

inflammatory stimulus, in which males and BALB/c mice are
easily affected.

To investigate the effect of the NF-xB direct-targeted
treatment at different stages, we performed another in vitro
assay using the NF-«xB inhibitor before inflammation was
induced. Pre-treatment with the NF-xB decoy ODN upregu-
lated osteogenic differentiation only in male mice, however
TRAP-positive cells were decreased in both sexes. Earlier
intervention with NF-kB inhibitor decreased the number of
cPE-induced osteoclasts, when exposed to a subsequent
inflammatory stimulus. These results indicate that NF-«xB
inhibition would be successful in females to protect them from
subsequent bone resorption prior to the onset of diseases,
or before the recurrence of inflammation. This concept is
consistent with the success of denosumab in postmenopausal
osteoporosis. In inflammatory conditions, NF-xB direct-targe-
ted treatment might be more beneficial for males than females
in terms of osteogenesis.

The current study has limitations. First, a previous study
reported the results of a sham control group in male mice, but
not females, therefore we could not anticipate any sex-rela-
ted differences.”” Second, the effect of NF-xB decoy ODN
in this murine model was evaluated only at six weeks after
primary surgery. Additional analyses at different timepoints
might provide further information about the functional effects
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of NF-kB decoy ODN on osteogenesis and bone resorption
in chronic inflammation. Third, the sex differences reported
in this study were obtained from murine in vitro and in
vivo experiments. To translate this finding into the clinical
situations, further investigation using human primary samples
is required. Future studies using RNA sequencing and other
novel methods will also elucidate sex-dependent osteogenic
differences during chronic inflammation.

In  conclusion, we demonstrated sex-dependent
differences in osteogenesis for NF-kB direct-targeted
treatment in chronic inflammatory conditions. At different
inflammatory stages, NF-kB inhibition could be practical both
for males and females. In non-inflammatory conditions, the
NF-xB decoy ODN could mitigate subsequent bone destruc-
tion in females. NF-kB inhibition was effective in males even
in chronic inflammatory conditions, not only by mitigating
osteoclastogenesis but also by facilitating osteogenesis. Thus,
NF-kB decoy ODN could be a therapeutic target for orthopae-
dic conditions related to chronic inflammation, especially in
males. It is critical to address sex-based differences in the
effects of chronic inflammatory diseases on bone to optimize
the outcome of drug interventions in both sexes.

Bone & Joint Research  Volume 13, No. 1 January 2024
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Supplementary material

Table showing primers for real-time reverse transcription
polymerase chain reaction. An ARRIVE checklist is also included to
show that the ARRIVE guidelines were adhered to in this study.
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