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ARTICLE INFO ABSTRACT
Keywords: Purpose: Estrogen deficiency following menopause increases receptor activator of nuclear factor-kappa B ligand
RANKL (RANKL) expression in osteoblasts, thereby promoting osteoclast differentiation, and enhances T cell-derived

Postmenopausal osteoporosis tumor necrosis factor-alpha (TNFa) production, which induces sclerostin expression in osteocytes, thereby

gztzztc)llzsstt inhibiting bone formation. This study aimed to develop a novel uncoupling therapeutic agent for osteoporosis.
Osteocyte Methods: We developed microglial healing peptide 1 with N-terminal acetylation and C-terminal amidation
Microglial healing peptide 1 with N-terminal (MHP1-AcN), a modified RANKL peptide with N-terminal acetylation and C-terminal amidation lacking the
acetylation and C-terminal amidation (MHP1- osteoclast activating CD loop. Given the structural similarities of RANK and TNF receptor 1 (TNFR1), we hy-
AcN) pothesized that MHP1-AcN could inhibit both the RANKL-RANK and TNFa-TNFR1 pathways to address the

pathophysiology of osteoporosis, as evaluated in vitro and in vivo using an ovariectomized mouse model.
Results: In ovariectomized mice, MHP1-AcN inhibited osteoclastogenesis, reduced osteocytic sclerostin expres-
sion, prevented bone loss, and improved the femoral cancellous and cortical bone microarchitecture. Unlike anti-
RANKL antibody, MHP1-AcN considerably preserved bone formation by osteoblasts and enhanced bone strength,
as evidenced by increases in energy absorption capacity. In vitro, MHP1-AcN bound to both RANK and TNFR1,
suppressing osteoclast activity via the RANKL-RANK pathway and reducing sclerostin expression through the
TNFo-TNFR1-nuclear factor-kappa B pathway. MHP1-AcN did not affect osteoblast proliferation and differen-
tiation or RANKL expression.

Conclusion: MHP1-AcN effectively inhibits osteoclastogenesis and sclerostin-mediated suppression of bone for-
mation while considerably preserving osteoblast function. These findings suggest that MHP1-AcN, which targets
dual pathways critical for bone homeostasis, is a promising uncoupling therapeutic agent for osteoporosis.

1. Introduction (RANK) on osteoclasts, activating nuclear factor-kappa B (NF-kB) and
MAPK signaling pathways via TRAF6, thereby promoting osteoclast

Estrogen deficiency following menopause increases receptor acti- differentiation and activation [2]. Concurrently, estrogen deficiency
vator of nuclear factor-kappa B ligand (RANKL) expression in osteo- enhances tumor necrosis factor-alpha (TNFa) production by T cells [3].

blasts [1]. RANKL binds to receptor activator of nuclear factor-kappa B TNFo binds to TNF receptor 1 (TNFR1) on osteocytes, inducing

* Corresponding author at: Department of Orthopaedic Surgery, Osaka University Graduate School of Medicine, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan.
E-mail address: k-ebina@ort.med.osaka-u.ac.jp (K. Ebina).

https://doi.org/10.1016/j.bone.2025.117440
Received 30 December 2024; Received in revised form 25 February 2025; Accepted 26 February 2025

Available online 1 March 2025
8756-3282/© 2025 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


https://orcid.org/0009-0005-3892-123X
https://orcid.org/0009-0005-3892-123X
https://orcid.org/0000-0003-0374-0787
https://orcid.org/0000-0003-0374-0787
https://orcid.org/0000-0001-5741-5969
https://orcid.org/0000-0001-5741-5969
https://orcid.org/0000-0001-9938-6780
https://orcid.org/0000-0001-9938-6780
https://orcid.org/0000-0002-3889-0999
https://orcid.org/0000-0002-3889-0999
https://orcid.org/0000-0001-7834-539X
https://orcid.org/0000-0001-7834-539X
https://orcid.org/0000-0002-0729-668X
https://orcid.org/0000-0002-0729-668X
https://orcid.org/0000-0002-1270-9864
https://orcid.org/0000-0002-1270-9864
https://orcid.org/0000-0002-1408-7851
https://orcid.org/0000-0002-1408-7851
https://orcid.org/0000-0003-3311-2562
https://orcid.org/0000-0003-3311-2562
https://orcid.org/0000-0003-3421-7104
https://orcid.org/0000-0003-3421-7104
https://orcid.org/0009-0006-3735-260X
https://orcid.org/0009-0006-3735-260X
https://orcid.org/0000-0001-6689-7277
https://orcid.org/0000-0001-6689-7277
https://orcid.org/0000-0002-8964-4229
https://orcid.org/0000-0002-8964-4229
https://orcid.org/0000-0002-5107-8209
https://orcid.org/0000-0002-5107-8209
https://orcid.org/0000-0002-2426-1024
https://orcid.org/0000-0002-2426-1024
mailto:k-ebina@ort.med.osaka-u.ac.jp
www.sciencedirect.com/science/journal/87563282
https://www.elsevier.com/locate/bone
https://doi.org/10.1016/j.bone.2025.117440
https://doi.org/10.1016/j.bone.2025.117440
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bone.2025.117440&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

T. Kurihara et al.

sclerostin expression through NF-kB signaling, which inhibits Wnt
signaling and suppresses bone formation [4].

Bisphosphonates and the anti-RANKL antibody denosumab both
inhibit osteoclast activity and suppress osteoblast-driven bone forma-
tion through coupling inhibition [5]. Their prolonged use is sometimes
associated with severe adverse events, such as osteonecrosis of the jaw
and atypical femoral fractures [6,7]. Bone anabolic agents such as ter-
iparatide stimulate bone formation; however, they also enhance RANKL
production by osteoblasts, thereby increasing osteoclast activity and
cortical porosity [8,9]. The anti-sclerostin antibody romosozumab pro-
motes bone formation and suppresses resorption through an uncoupling
effect via the Wnt signaling, but it also carries risks of cardiovascular
events [10], highlighting the need for novel therapeutic strategies.

We and others demonstrated that RANKL inhibited Toll-like receptor
(TLR) signaling to exert anti-inflammatory effects [11-13]. To repur-
pose RANKL for anti-inflammatory therapy, we developed microglial
healing peptide 1 with N-terminal acetylation and C-terminal amidation
(MHP1-AcN) by removing the CD loop, the osteoclast activation site,
from murine RANKL [14]. MHP1-AcN exerts anti-inflammatory effects
similar to RANKL, by inhibiting TLR4-induced inflammation by binding
to CD14, which competes with LPS for CD14 binding. As a results,
MHP1-AcN has displayed therapeutic efficacy in disease models,
including ischemic stroke [14], psoriasis [15], and sepsis-induced acute
lung injury [16].

In this study, we focused on the structural homology in the ligand-
binding domains of RANK and TNFR1, as RANKL belongs to the TNFa
superfamily [17]. We hypothesized that MHP1-AcN could ameliorate
osteoporosis pathology by competitively inhibiting the RANKL-RANK
pathway to suppress osteoclast differentiation and the TNFa-TNFR1
pathway to reduce sclerostin expression in osteocytes. This study aimed
to elucidate the therapeutic effects and underlying mechanisms of
MHP1-AcN in a postmenopausal osteoporosis mouse model.

2. Methods
2.1. Peptide design and synthesis

MHP1-AcN  (Ac-LMVYVVKTSIKIPSSHNLMKGGSTKNWSGN-NH2)
was obtained from ILS (Ibaraki, Tsukuba, Japan). The peptide was dis-
solved in double-distilled water at a concentration of 4 mg/ml and
stored at 4 °C. Prior to experimental use, the solution was diluted 1:1
with physiological saline [14,16].

2.2. Experimental design and the animal model

Seven-week-old female C57BL/6J mice were obtained from Charles
River Laboratories (Wilmington, MA, USA). After a 1-week acclimati-
zation period, the mice were subjected to sham surgery or ovariectomy
(OVX). Anesthesia and surgical procedures were performed following
established protocols [18,19].

The mice were randomly divided into five groups (n = 7-8/group):
sham + saline [subcutaneous (s.c.) PBS and intraperitoneal (i.p.) saline],
sham + MHP1-AcN (s.c. PBS and i.p. MHP1-AcN), OVX + saline (s.c. PBS
and i.p. saline), OVX + MHP1-AcN (s.c. PBS and i.p. MHP1-AcN), and
OVX + murine RANKL monoclonal antibody (anti-RANKL ab; i.p. anti-
RANKL ab and i.p. saline). Treatments were administered for 4 weeks
post-surgery starting for the day after surgery (Day1) as a volume of 200
pl of PBS or anti-RANKL ab (300 pg/kg, Oriental Yeast Co., Tokyo,
Japan) given subcutaneously 2 times/week and 300 pl of saline or
MHP1-AcN (30 mg/kg) given intraperitoneally 5 times/week. The doses
of anti-RANKL ab and MHP1-AcN were based on previous studies
[16,20]. The mice were sacrificed at 4 weeks post-surgery for
evaluation.
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2.3. Immunofluorescence staining of knee joint tissues

Mice were randomly divided into the control (300 pl of i.p. saline)
and FITC-MHP1-AcN groups (300 pl of i.p. FITC-MHP1-AcN solution).
Fifteen minutes after injection, the mice were euthanized, and tissues
were collected for further processing. Frozen sagittal sections of mouse
knee joints were prepared using the Kawamoto method [21].

Immunofluorescence staining was performed using the biotin-avidin
amplification technique. Detailed information on tissue section washing,
blocking, antibody treatments, and image acquisition procedures is
presented in the supplementary material.

2.4. Microcomputed tomography (uCT)

The distal femurs of mice were analyzed using a high-resolution pCT
scanner (SkyScan 1272; Bruker, Kontich, Belgium). pCT was performed
using the following consistent parameters: a scan resolution of 10 pm per
voxel, pCT settings of 90 kV and 160 mA. The scan speed was set with a
rotation step of 0.6° (180° rotation), and the acquisition time per sample
was approximately 5 min.

The region of interest (ROI) was defined as starting 500 pm from the
growth plate, extending proximally for a total of 1000 pm. Trabecular
parameters, including the bone volume (BV)/tissue volume (TV) ratio
(%), trabecular number (Tb. N, N/mm), trabecular separation (Tb. Sp,
mm), and trabecular thickness (Tb. Th, mm) were evaluated using
SkyScan CT Analyzer software (Billerica, MA, USA), as previously
described [22].

2.5. Histological and immunohistochemical analyses

The protocol for the quantitative assay was conducted as previously
described [23]. Following pCT, the femurs were fixed in formalin,
decalcified, and embedded. Tartrate-resistant acid phosphatase (TRAP)
staining (Cosmo Bio, Tokyo, Japan) was performed according to the
manufacturer's protocol. Immunostaining was conducted using primary
antibodies against osteocalcin, sclerostin, and TNFa following the
manufacturers' protocols. Sections were then incubated with a second-
ary antibody (VECTASTAIN ABC Rabbit IgG Kit, PK-4005, Vector Lab-
oratories, Newark, CA, USA) and stained with 3,3-diaminobenzidine
tetrahydrochloride (Nichirei Bioscience, Tokyo, Japan). The antibodies
used in this study are listed in Supplementary Table 1.

The same region analyzed by pCT was examined histologically.
Within this region, TRAP-positive cells and osteocalcin-positive cells
were counted on five randomly selected trabecular bone surfaces,
whereas the percentages of sclerostin-positive and TNFa-positive oste-
ocytes were evaluated for all osteocytes in the cortical bone as described
in previous studies [18,22].

2.6. Histomorphometrical analysis

To label active bone formation, all mice were subcutaneously
injected with tetracycline (20 mg/kg) and calcein (10 mg/kg), respec-
tively, 5 days and 2 days before sacrifice, as described in a previous
study [24].

The femurs were extracted, fixed in 70 % ethanol, treated with Vil-
lanueva bone stain, and embedded in methacrylate (Wako Pure Chem-
ical Industries, Osaka, Japan).

The following histomorphometric parameters were measured as
previously described [23]: number of osteoclasts (Oc. N, N/mm),
number of multinucleated osteoclasts (M.Oc. N, N/mm), eroded surface
(ES)/bone surface (BS) ratio (%), number of osteoblasts (Ob. N) (N/
mm), osteoid thickness (O.Th, pm), mineralizing surface (MS)/bone
surface (BS) ratio (%), bone formation rate (BFR)/bone surface (BS)
ratio (mmg/mmz/year), and mineral apposition rate (MAR, pm/day).

The standard bone histomorphometric nomenclature, symbols, and
units were used as described previously [25].
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2.7. Three-point bending test

The femoral mechanical properties were assessed using a three-point
bending test (ElectroForce 5500; TA Instruments, New Castle, DE, USA).
The bone samples were frozen upon collection and thawed before con-
ducting the three-point bending test. Bones were positioned on two fixed
loading points 8 mm apart, with the upper loading point centered be-
tween them.

A constant displacement rate of 0.1 mm/s was applied until fracture.
Load displacement data were recorded to calculate the maximum load
(N), stiffness (N/mm), energy absorption (N-mm), and fracture
displacement (mm), as described previously [26].

2.8. Reagents and cell culture

Mouse bone marrow mononuclear cells (BMMCs) were isolated from
the femurs and tibiae of 8-week-old female C57BL/6J mice as previously
described [18]. The cells were cultured in a-minimum essential medium
(a-MEM, Nacalai Tesque, Kyoto, Japan) containing 10 % fetal bovine
serum (FBS, Equitech-Bio, Kerrville, TX, USA) and 1 % antibiotic/anti-
mycotic solution (A/A, Sigma-Aldrich, St. Louis, MO, USA) with 5 ng/ml
macrophage colony-stimulating factor (M-CSF, R&D Systems, Minne-
apolis, MN, USA).

NF-kB luciferase-stable RAW 264.7 cells were obtained from AnGes
(Ibaraki, Japan) and maintained in RPMI 1640 medium (Thermo Fisher
Scientific, Waltham, MA, USA) containing 10 % FBS and 100 ng/ml
hygromycin B (Nacalai Tesque).

MC3T3-E1 osteoblastic cells were obtained from the Riken Cell Bank
(RIKEN BioResource Research Center, Tsukuba, Ibaraki, Japan) and
maintained in a-MEM containing 10 % FBS and 1 % A/A.

Saos-2 osteosarcoma cells were obtained from the Riken Cell Bank
and maintained in Dulbecco's modified Eagle's medium (Nacalai Tesque)
containing 10 % FBS and 1 % A/A.

All cells were cultured at 37 °C in a humidified atmosphere with 5 %
carbon dioxide. For all cell types, MHP1-AcN was added 2 h prior to
stimulation with other reagents. Approximately, the plasma concentra-
tion of MHP1-AcN was reported to reach approximately 8 pg/ml 30 min
after intravenous injection at a dose of 2 mg/ml (10 ml/kg) in mice [14].
Our chosen in vitro concentrations of MHP1-AcN encompassed this
physiologically relevant range, and they were consistent with those used
in previous in vitro reports [16,27,28].

2.9. In vitro osteoclast differentiation and TRAP staining

BMMCs were seeded in 24-well plates at a density of 1 x 10° cells/
well and stimulated with 10 ng/ml M-CSF and 50 ng/ml RANKL (R&D
Systems) to induce osteoclastogenesis, with or without MHP1-AcN (10,
30, or 100 pg/ml), for 5 days.

TRAP staining was performed using a TRAP staining kit (Cosmo Bio,
Tokyo, Japan) according to the manufacturer's protocol. The total
number of TRAP-positive cells with three or more nuclei was determined
as described previously [18].

2.10. RNA sequencing

RNA sequencing was performed as previously described [22].
Sequencing was conducted on the Illumina NovaSeq 6000 platform
(Illumina, San Diego, CA, USA). Reads were aligned to the hg19 genome,
and differential expression analysis was performed. Further details on
RNA extraction, library preparation, sequencing parameters, and data
analysis are provided in the supplementary material.

2.11. Western blotting

The protocol for western blotting followed the methodology outlined
in a previous publication [29]. Cytoplasmic and nuclear extracts were
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prepared using the NE-PER kit (Pierce, Rockford, IL, USA) according to
the manufacturer's protocol. The primary antibodies used in this study
are listed in Supplementary Table 1.

2.12. Quantitative real-time polymerase chain reaction (RT-qPCR) assay

The RT-qPCR protocol was described in a previous study [22]. The
primer sequences are provided in Supplementary Table 2, and further
details are presented in the supplementary material.

2.13. Luciferase assay

2.13.1. Luciferase assay in NF-kB luciferase-stable RAW 264.7 cells

NF-kB luciferase-stable RAW 264.7 cells were seeded in 96-well
plates at a density of 1 x 10* cells/well. The cells were stimulated
with 50 ng/ml RANKL, with or without MHP1-AcN (10, 30, or 100 pg/
ml), for 6 h. Then, Steady-Glo reagent (Promega, Madison, WI, USA) was
added to each well, and luminescence was measured using a Centro XS3
LB960 luminometer (Berthold Technologies GmbH & Co. KG, Bad
Wildbad, Germany) after a 5-min incubation period as described pre-
viously [16,23].

2.13.2. Luciferase assay in MC3T3-E1 and Saos-2 cells for transient
transfection

The luciferase assay was performed as describe previously [22].
MC3T3-E1 and Saos-2 cells were transiently transfected with the xB-
Luc2P plasmid (pGL4.15; Promega) via electroporation. Cells were
incubated with or without MHP1-AcN, followed by stimulation with or
without TNFa (10 ng/ml, R&D Systems). Luminescence was measured
using a Centro XS3 LB960 luminometer after adding Steady-Glo reagent.
Further details on cell preparation, electroporation parameters, incu-
bation times, and measurement procedures are provided in the supple-
mentary material.

2.14. Alkaline phosphatase (ALP) staining, ALP activity, and cell
proliferation assay

MC3T3-E1 cells were seeded in 24-well plates at a density of 1 x 10°
cells/well and stimulated with 10 mM p-glycerophosphate (Calbiochem,
San Diego, CA, USA) and 50 pg/ml ascorbic acid (Sigma, St. Louis, MO),
with or without MHP1-AcN (3, 10, or 30 pg/ml), for 3 days.

After fixation in 10 % formalin, the cells were washed twice with
PBS, and ALP staining was performed using BCIP/NBT Color Develop-
ment Substrate (Promega).

In parallel experiments, ALP activity was measured using the BCA
Protein Assay Kit (Thermo Fisher Scientific), and cell proliferation was
assessed using Count Reagent SF (Nacalai Tesque), following the man-
ufacturers' protocols.

2.15. Assessment of the effects of MHP1-AcN on RANKL expression

To examine the effects of MHP1-AcN on RANKL expression, MC3T3-
E1 cells were stimulated with TNFa (10 ng/ml), with or without MHP1-
AcN (3, 10, or 30 pg/ml), for 24 h. In parallel experiments, western
blotting was conducted to assess phosphorylated p65, total p65, phos-
phorylated IxBa, and total IkBa expression after 1 h of stimulation with
TNFa (1 ng/ml).

2.16. Assessment of sclerostin expression in stimulated Saos-2 cells

Saos-2 cells were seeded in six-well plates at a density of 1.0 x 10°
cells/well and in 24-well plates at a density of 1.0 x 10° cells/well. To
induce osteocytogenesis and sclerostin expression, the cells were
cultured in medium containing 5 mM f-glycerophosphate and 50 pg/ml
ascorbic acid. Cells were then treated with or without TNF« (1 or 10 ng/
ml) to stimulate sclerostin expression and in the presence or absence of
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MHP1-AcN (3, 10, or 30 pg/ml) to evaluate its effects on TNFa-induced culturing them alone.
sclerostin expression. The experimental setup was based on a previously
described method [22]. These experiments were conducted to specif-
ically evaluate the response of Saos-2 cells to TNFa stimulation by
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Fig. 1. Effects of MHP1-AcN on OVX mice.
(a) Schematic representations of part of mouse RANKL, microglial healing peptide 1 (MHP1), and MHP1-AcN. (b) Three-dimensional structures of the CD loop and

part of pD, MHP1, mouse soluble RANKL, and RANK. (c) Experimental protocol. (d) Immunofluorescence staining of FITC-labeled MHP1-AcN in the knee joint. (e)
Representative pCT images of the distal femur in the five groups after the intervention. Scale bar: 500 pm. (f) Quantification of trabecular bone parameters: BV/TV

(%), Tb. N (N/mm), Tb. Sp (mm), and Tb. Th (mm). Data are expressed as the mean + SD (n = 7 or 8).
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2.17. Immunofluorescence staining of Saos-2 cells

Saos-2 cells were seeded in 24-well plates at a density of 5.0 x 10°
cells/well. After 24 h of incubation, the cells were treated with/without
TNFa and MHP1-AcN. After 0.5 h of treatment, immunofluorescence
staining was performed as described previously [22]. Cell images were
acquired using an IN Cell Analyzer 6000 (GE Healthcare, Chicago, IL,
USA), capturing 16 view fields per well. The Nuc/Cyto ratio of the NF-xB
signal was calculated using the mean signal intensity of the nuclear and
cytoplasmic areas in cells in each field per well.

2.18. Immobilization of TNFR1 on the sensor surface and binding of
MHPI1-AcN to TNFR1

Surface plasmon resonance (SPR) analysis was conducted using a
Biacore T200 system (GE Healthcare). Recombinant human TNFR1 was
immobilized on a CM5 sensor chip. The binding of MHP1-AcN to TNFR1
was measured using single-cycle kinetics with MHP1-AcN concentra-
tions of 0-65.2 pg/ml. Data were analyzed using Biacore T200 Evalua-
tion Software. Detailed information on TNFR1 immobilization, buffer
compositions, injection parameters, and data analysis procedures is
presented in the supplementary material.

2.19. Statistical analysis

The data are presented as the mean + SD. To compare the parame-
ters across the groups, one-way analysis of variance with the Tukey-K-
ramer post hoc test and Mann-Whitney U test were employed. All
statistical analyses were conducted using GraphPad Prism 9 (GraphPad,
San Diego, CA, USA), with significance defined as P < 0.05.

The statistical power (1-p) was set at 80 %, and the significance level
was set as 0.05 for all experiments. Sample sizes for each experiment
were determined by power analysis, and the adequacy of these sample
sizes was supported by post-hoc power analysis of the actual data (effect
size >0.8, actual power > 80 %).

2.20. Study approval

All experimental protocols comply with the ARRIVE guidelines and
were approved by the Animal Experimental Committee of Osaka Uni-
versity (number: 02-057-013, date: August 27, 2020).

3. Results
3.1. Structure of MHP1-AcN

We developed MHP1-AcN, a modified partial peptide of mouse
RANKL designed to inhibit TLR4-induced inflammation without acti-
vating osteoclasts [14]. The peptide does not contain RANKL's CD loop
(responsible for osteoclastogenesis [30]), but it includes the DE loop and
part of the EF loop (crucial for RANK binding [30], Fig. 1a). MHP1-AcN
features an N-terminal acetyl group and a leucine-to-valine substitution
for enhanced stability and anti-inflammatory effects [14] without pro-
moting osteoclastogenesis [27]. The 3D structural model was con-
structed using Protein Data Bank Europe data (Fig. 1b).

3.2. Effects of MHP1-AcN on OVX mice

The mice were randomly assigned to five groups, as presented in
Fig. 1c. To assess the effects of MHP1-AcN administration in OVX mice,
we first evaluated its impact on body weight, finding no significant
differences between and after MHP1-AcN treatment (Supplementary
Fig. 1a).

FITC-labeled MHP1-AcN was administered intraperitoneally, and the
knee joint was harvested. Inmunofluorescent staining of frozen sections
revealed that MHP1-AcN migrated to the bone marrow (Fig. 1d).
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UCT of the distal femur on day 28 (Fig. 1e and f) revealed that the
OVX -+ saline group had significantly lower BV/TV and Tb. N and higher
Tb. Sp than the sham + saline group. These parameters were signifi-
cantly improved in the OVX + MHP1-AcN group compared with those in
the OVX + saline group. The OVX + anti-RANKL ab group exhibited
greater improvements in Tb. N and Tb. Sp, although the improvement in
BV/TV was not statistically significant, whereas Tb. Th was lower in this
group than in the OVX + MHP1-AcN group. Additionally, in the sham
group, administration of MHP1-AcN did not exhibit significant effects on
trabecular parameters measured compared to those in the saline group.

TRAP staining of osteoclasts in the trabecular bone of the distal
femur revealed a significantly higher number of TRAP-positive multi-
nucleated cells in the OVX + saline group than in the sham + saline
group. OVX + MHP1-AcN reduced the number of TRAP-positive cells,
whereas OVX + anti-RANKL ab further decreased the number of these
cells (Fig. 2a).

Histomorphometric analysis of the distal femur (Fig. 2b and Sup-
plementary Fig. 1b-e) demonstrated that large numbers of osteoclasts
surrounded the bone fragments in the OVX + saline group. The OVX +
saline group featured significantly higher Oc. N, M.Oc. N, and ES/BS
than the sham + saline group, whereas OVX + MHP1-AcN reduced all of
these parameters (Fig. 2b and c).

In the distal femur trabecular bone, osteocalcin immunostaining
revealed a significantly higher number of osteocalcin-positive cells in
the OVX + saline group than in the sham + saline group. Of note, OVX +
MHP1-AcN slightly increased the number of osteocalcin-positive cells
compared with that in the OVX + saline group, while OVX + anti-
RANKL ab markedly suppressed their counts (Fig. 2d).

The number of osteoblasts was higher in the OVX + saline group than
in the sham + saline group, and the number of osteoblasts was further
elevated in the OVX + MHP1-AcN group. Both MAR and BFR/BS were
higher in the OVX + saline group than in the sham + saline group. These
values remained significantly higher relative to those in the sham +
saline group, although they were slightly suppressed in the OVX +
MHP1-AcN group (Fig. 2e and f). Similar trends were observed for other
bone formation parameters (Supplementary Fig. 1f).

Sclerostin-positive cell counts in cortical bone were significantly
higher in the OVX + saline group than in the sham + saline group. OVX
+ MHP1-AcN significantly reduced the number of sclerostin-positive
cells, although the number of sclerostin-positive cells was similar in
the OVX + anti-RANKL ab and OVX + saline groups (Fig. 2g). By
contrast, immunohistochemistry revealed no significant difference in
the number of TNFa-positive osteocytes between the OVX + saline and
OVX + MHP1-AcN groups (Supplementary Fig. 1g), indicating that
MHP1-AcN did not affect TNFa expression.

Fig. 2h presents the results of the three-point bending test for various
femoral biomechanical properties. Energy absorption and fracture
displacement were lower in the OVX + saline and OVX + anti-RANKL ab
groups than in the sham + saline group, although OVX + MHP1-AcN
prevented the declines in these parameters. These findings suggest that
MHP1-AcN, but not anti-RANKL ab, reversed the reductions in femur
biomechanical properties induced by OVX. Conversely, maximum load
and stiffness did not differ among the groups (Supplementary Fig. 1h).
To further investigate the effects of MHP1-AcN on cortical bone, we
conducted a detailed histomorphometric analysis in a more proximal
region, closer to the site likely contributing to the three-point bending
test (Supplementary Fig. 2). This analysis revealed that MHP1-AcN
significantly increased cortical width (Supplementary Fig. 2a and b)
and maintained the mineral apposition rate on cortical bone surfaces
(Supplementary Fig. 2c and d), while also reduced the porosity of the
cortical area (Supplementary Fig. 2e). These findings align with the
results of three-point bending test.

3.3. Effects of MHP1-AcN on osteoclasts

Fig. 3a illustrates the experimental designs used to evaluate the
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Fig. 2. Histological, histomorphometric, and immunohistochemical analyses of the distal femur were conducted in each group, and the femoral biomechanical
structural properties were assessed using a three-point bending test.

(a) Histological, (b and e) histomorphometric, and (d and g) immunohistochemical analyses. (a) TRAP staining. Data are expressed as the mean + SD (n = 7 or 8).
Scale bar: 100 pm. (b) Villanueva bone staining. Osteoclasts and trabecular bone were stained pink via computer image processing. Scale bar: 10 pm. (c¢) Trabecular
bone parameters, including Oc. N (N/mm), M.Oc. N (N/mm), and ES/BS (%), were quantified. Data are expressed as the mean + SD (n = 4). (d) Osteocalcin staining.
Data are expressed as the mean + SD (n = 7 or 8). Scale bar: 50 pm. (e) Images of the MAR under fluorescent light (white arrows indicate double-labeled surface).
Scale bar: 10 pm. (f) Trabecular bone parameters, including Ob. N (N/mm), MAR (um/day), and BFR/BS (mm3/mm2/year), were quantified. Data are expressed as
the mean + SD (n = 4). (g) Sclerostin staining (black arrows indicate sclerostin-positive osteocytes). Data are expressed as the mean + SD (n = 7 or 8). Scale bar: 50
pm. (h) The three-point bending test (white dot indicates loading point), including energy absorption (N-mm) and fracture displacement (mm). Data are expressed as
the mean =+ SD (n = 4). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Effects of MHP1-AcN on osteoclasts.

(a) Experimental protocol. (b) TRAP staining of mouse BMMCs cultured with M-CSF (10 ng/ml) and RANKL (50 ng/ml), with or without different concentrations of
MHP1-AcN, for 5 days. Scale bar: 100 pm. (¢) KEGG pathway analysis results of the eight most downregulated pathways identified from RNA sequencing data in the
presence of MHP1-AcN (100 pg/ml) under RANKL (50 ng/ml) stimulation in BMMCs. (d) Potential of MHP1-AcN to regulate Mmp9, Acp5, Ctsk, Nfatc1, and Dcstamp
as identified by RNA sequencing in BMMCs. (e) Volcano plot displaying the differentially expressed transcripts between RANKL and RANKL + MHP1-AcN groups. (f)
Western blotting of BMMCs cultured with M-CSF (10 ng/ml) and RANKL (50 ng/ml), with or without different concentrations of MHP1-AcN, for 48 h. (g) Changes in
the expression of genes involved in osteoclast differentiation were assessed. Data are expressed as the mean + SD (n = 3). (h) NF-kB luciferase-stable RAW 264.7 cells
were incubated with RANKL (50 ng/ml), with or without different concentrations of MHP1-AcN, for 6 h. Luciferase activity was then measured. Data are expressed as
the mean =+ SD (n = 5). (i) Schematic representation of the signaling pathways involved in osteoclast differentiation following MHP1-AcN treatment.
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effects of MHP1-AcN. Specifically, BMMCs were used for the osteoclast
differentiation assay, and NF-kB luciferase-stable RAW 264.7 cells were
used for the luciferase assays. TRAP staining demonstrated that MHP1-
AcN significantly reduced the number of RANKL-induced osteoclasts in a
concentration-dependent manner (Fig. 3b).

To further explore the mechanisms underlying the effects of MHP1-
AcN on osteoclasts, RNA sequencing was performed using BMMCs
treated with RANKL and RANKL + MHP1-AcN. KEGG pathway analysis
identified the eight most downregulated pathways in each group,
including the osteoclast differentiation signaling pathway (Fig. 3c).
Notably, the expression of key osteoclast-related genes, including matrix
metalloproteinase 9 (Mmp9), acid phosphatase 5 (Acp5), cathepsin K
(Ctsk), Nfatcl, and dendritic cell-specific transmembrane protein
(Dcstamp), was found to be significantly suppressed by MHP1-AcN
treatment. (Fig. 3d and e).

Western blotting indicated that MHP1-AcN inhibited the phosphor-
ylation of ERK1/2, p38, and p65 in BMMCs. In addition, MHP1-AcN
suppressed the phosphorylation of IKKa/p and NF-kB p52, leading to
decreased NFATc1 protein expression (Fig. 3f).

Fig. 3g presents the results of RT-qPCR for osteoclast-related mRNAs
following MHP1-AcN treatment. MHP1-AcN inhibited the expression of
osteoclastogenesis signaling-related mRNAs such as TRAF6, c-Fos, and
NFATcl. In addition, the osteoclast markers TRAP, Ctsk, DC-STAMP,
and MMP9 were significantly suppressed.

To confirm the inhibitory effect of MHP1-AcN on NF-kB transcrip-
tional activity, luciferase assays were conducted using NF-kB luciferase-
stable RAW 264.7 cells. MHP1-AcN significantly reduced RANKL-
induced NF-kB transcriptional activity (Fig. 3h).

We previously reported that MHP1-AcN binds to RANK [16]. The
current study indicated that binding between MHP1-AcN and RANK
might inhibit downstream RANKL-RANK signaling, including TRAF®6,
ERK, p38, p65, c-Fos, and NFATc1, thereby suppressing osteoclasto-
genesis (Fig. 31).

3.4. Effects of MHP1-AcN on osteoblasts

We next investigated whether MHP1-AcN influences osteoblast dif-
ferentiation and proliferation or RANKL expression (Fig. 4a). The
experimental protocols used to evaluate the effects of MHP1-AcN on
TNFa-stimulated osteoblasts are outlined in Fig. 4b.

ALP staining, ALP activity assays, and WST proliferation assays
revealed that MHP1-AcN does not directly alter osteoblast differentia-
tion and proliferation (Fig. 4c—e).

In TNFa-stimulated MC3T3-E1 cells, RT-qPCR demonstrated that
MHP1-AcN did not alter the expression of ALP, RANKL, osteoprotegerin
(OPG), and cyclooxygenase-2 (COX-2) or the RANKL/OPG ratio
(Fig. 4f). Furthermore, western blotting indicated that MHP1-AcN did
not affect IkBa degradation or p65 phosphorylation (Fig. 4g). Consis-
tently, in luciferase reporter assays, TNFa-induced NF-kB transcriptional
activity was not modulated by MHP1-AcN (Fig. 4h).

These results collectively indicate that MHP1-AcN does not directly
impact osteoblast function or NF-xB signaling in TNFa-stimulated
osteoblasts.

3.5. Effects of MHP1-AcN on osteocytes

Fig. 5a presents a schematic representation of sclerostin expression
in osteocytes. Fig. 5b outlines the experimental design, in which Saos-2
cells were used to evaluate the effects of MHP1-AcN on osteocytes.

After stimulation with TNFa, RT-qPCR of Saos-2 cells revealed that
MHP1-AcN inhibited the expression of TNF receptor-associated death
domain protein (TRADD), receptor-interacting protein kinase 1 (RIPK1),
transforming growth Factor beta-activated kinase 1 (TAK1), and scle-
rostin (Fig. 5c¢).

Furthermore, western blotting illustrated that MHP1-AcN sup-
pressed the phosphorylation of IKKa/f after 10 min of TNFa stimulation
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and the phosphorylation of IkBa after 30 min. This suppression subse-
quently led to a decrease in the nuclear protein levels of NF-kB, specif-
ically inhibiting the nuclear expression of p65 (Fig. 5d).

Immunofluorescence staining demonstrated that MHP1-AcN signif-
icantly inhibited TNFa-induced NF-kB p65 nuclear translocation in os-
teocytes. TNFa treatment increased the percentage of NF-kB-activated
osteocytes, which was significantly reduced by MHP1-AcN, demon-
strating its ability to suppress osteocyte activation (Fig. 5e).

To further evaluate the impact of MHP1-AcN on the NF-kB pathway,
we performed a luciferase reporter assay using Saos-2 cells. TNFa
administration significantly increased NF-kB transcriptional activity,
whereas MHP1-AcN treatment significantly reversed this effect (Fig. 5f).

To validate our SPR assay, we first tested TNFa binding to TNFR1 as a
positive control. Supplementary Fig. 3a presents the concentration-
dependent binding of TNFa to TNFR1. Then, we confirmed the speci-
ficity of the binding between MHP1-AcN and TNFR1, resulting in a
concentration-dependent interaction. The equilibrium dissociation
constant for this interaction was 2.15 x 10° M (Fig. 58).

Our competitive binding experiments revealed that MHP1-AcN binds
to TNFR1 without inhibiting TNFa binding (Supplementary Fig. 3b). We
propose that MHP1-AcN modulates TNFa-TNFR1 signaling by disrupt-
ing TRADD-mediated signal transduction, resulting in the suppression of
the NF-kB pathway and a subsequent reduction in sclerostin expression
in osteocytes (Fig. 5h). Furthermore, our experiments illustrated MHP1-
AcN also suppresses TNFa-induced inflammatory cytokine production in
BMMCs, supporting that MHP1-AcN inhibited TNFoa—TNFR1 signaling
(Supplementary Fig. 3c).

4. Discussion

In this study, we demonstrated that MHP1-AcN, a novel peptide
derived from a partial sequence of RANKL, effectively suppressed bone
loss and improved bone microarchitecture and strength in an OVX
mouse model. MHP1-AcN inhibited osteoclast formation and suppressed
sclerostin expression in osteocytes without affecting osteoblasts.
Notably, MHP1-AcN inhibited both the RANKL-RANK and
TNFo-TNFR1 signaling pathways to exert distinct effects.

In postmenopausal osteoporosis, RANKL expression is upregulated in
osteoblasts [1], and it activates RANKL-RANK signaling in osteoclasts,
thereby promoting osteoclastogenesis [2]. Many RANKL-binding drugs
have been reported as promising novel therapeutic candidates targeting
this pathway for osteoporosis treatment [31-33]. However, it has been
suggested that long-term systemic RANKL inhibition can potentially
cause excessive immunosuppression attributable to impaired lymph
node development and reduced T cell function [34]. Moreover,
discontinuation of long-term administration of the anti-RANKL antibody
denosumab resulted in a marked increase in bone resorption caused by a
reduction in OPG expression, leading to rapid bone loss [35]. Further-
more, the rebound effect is amplified by accumulated osteoclast pre-
cursors during the treatment period, which rapidly differentiate into
mature osteoclasts upon the restoration of RANKL signaling [36]. These
findings underscore the unresolved challenges in osteoporosis therapies
targeting RANKL.

Meanwhile, RANK is highly and selectively expressed in mono-
cyte-osteoclast lineage cells [37], suggesting that therapeutic ap-
proaches targeting RANK could be promising for osteoporosis treatment.
However, RANK undergoes significant conformational changes when it
binds to RANKL to initiate signal transduction. This dynamic charac-
teristic has made it technically challenging to develop drugs targeting
RANK to inhibit its interaction with RANKL [38].

The AA', CD, DE, and EF loops of RANKL are critical binding sites for
RANK interactions, with inhibition of the DE loop binding capacity
significantly reducing osteoclast activity and RANKL's binding affinity
for RANK [14]. MHP1-AcN contains the DE loop and part of the EF loop
[14], and we previously reported that MHP1-AcN binds to RANK [16].
In this study, we demonstrated that MHP1-AcN suppresses downstream
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Fig. 4. Effects of MHP1-AcN on osteoblasts.
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= 3). (e) Cell proliferation assay using MC3T3-E1 cells incubated with or without different concentrations of MHP1-AcN for 3 days. Data are expressed as the mean +
SD (n = 5). (f) The mRNA expression of ALP, RANKL, OPG, and COX-2 and the RANKL/OPG ratio in MC3T3-E1 cells treated with TNFa (10 ng/ml), with or without
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RANKL-RANK signaling by binding to RANK. Unlike existing RANKL-
targeting therapies, direct regulation of RANK and its downstream
functions by MHP1-AcN might offer several advantages: it could enable
more selective inhibition of osteoclastogenesis and potentially minimize
the systemic immunological effects associated with RANKL inhibition.

Following OVX, decreased estrogen levels result in increased TNFa
production by T cells [3]. TNFa binds to TNFR1 on osteoblasts, acti-
vating NF-xB, which subsequently binds to the COX-2 gene promoter,
increasing COX-2 expression [39]. Elevated COX-2 levels enhance
RANKL expression, promoting osteoclastogenesis [40]. In the present
study, MHP1-AcN did not interfere with the TNFa-TNFR1-RANKL
signaling pathway or the proliferation and differentiation of osteoblasts.

Conversely, TNFa-TNFR1 signaling in osteocytes leads to increased
sclerostin expression and indirect inhibition of osteoblast-mediated
bone formation [4]. RANK and TNFR1 belong to the TNFR superfam-
ily and share structural similarities in their cysteine-rich domains
(CRDs), which are crucial for ligand binding [17]. We hypothesized that
these structural similarities between RANK and TNFR1 in their CRDs
could explain MHP1-AcN's interaction with both receptors. Although
developing small molecule drugs that competitively inhibit
TNFo-TNFR1 binding has been challenging because of their high bind-
ing affinity [41], studies demonstrated that TNFR1 downstream
signaling can be inhibited by modulating the receptor conformation
without interfering with TNFa binding [42,43]. Our studies suggest that
MHP1-AcN binds to TNFR1 in osteocytes and modulates its activity
without blocking TNFa binding, thereby suppressing downstream
signaling and reducing sclerostin expression. Based on our literature
review, no previously reported therapeutic agents were documented to
both bind to TNFR1 and exert anti-osteoporotic effects, underscoring the
novelty of our findings.

Long-term suppression of bone remodeling can potentially compro-
mise load-bearing capacity and bone strength [44]. Indeed, whereas
denosumab suppresses bone remodeling, it has not been reported to
improve femoral diaphyseal bone strength in ovariectomized cyn-
omolgus monkeys [45]. In contrast to denosumab, MHP1-AcN improved
energy absorption, a parameter of bone strength, as demonstrated in the
three-point bending test. This effect is further supported by cortical bone
analysis, which revealed increased width and reduced porosity.

The characteristics of MHP1-AcN, which inhibits excessive bone
resorption while relatively maintaining bone formation through its anti-
sclerostin effects, suggest that it can enhance bone strength more
effectively than agents that inhibit RANKL through a single mechanism.

The effects of MHP1-AcN on OVX-induced osteoporosis are sum-
marized in Fig. 6. MHP1-AcN inhibits osteoclastogenesis by blocking
RANKL-RANK signaling and suppresses TNFa-induced sclerostin
expression through TNFa-TNFR1 signaling, without directly affecting
osteoblast function. This dual mechanism effectively reduces excessive
bone resorption while relatively preserving bone formation, under-
scoring MHP1-AcN's potential as a novel uncoupling therapy for
osteoporosis.

This study had several limitations. First, MHP1-AcN was adminis-
tered only by i.p. injection based on previous studies [14-16]. Second,
although we demonstrated short-term efficacy, long-term safety and
efficacy remain unknown. Further studies in larger animals are needed
to address these limitations before proceeding to human clinical trials.
Third, MHP1-AcN was given preventively from Day 1 post-OVX, and its
ability to restore lost bone mass remains unknown. Future studies should
evaluate its therapeutic potential. Fourth, the impact of MHP1-AcN
administration on serum OPG/RANKL balance and possibility for bone
loss rebound after withdrawal remain unclear, which should be clarified
in future studies. However, the strength of this study lies in its novel
demonstration of MHP1-AcN's multitargeted approach against osteo-
porosis, providing a foundation for future therapeutic developments.

11

Bone 194 (2025) 117440

OVX + saline

M Estrogen S
¥ 1 v o
rankLf] o7
pu gy g i
Osteoblast / ? oy
ey o
TN, ,« —
. N @ )T cell
v

Coupling

RANK

Osteoclast f

—©
e e,

.
/. TNFa

” TNFR1 °
. : NG ;;/N T
. ¢ Y

e o ° Estrogen *
Osteocyte
[ OVX + MHP1-AcN |
w Estrogen ; .
rankL ] o7 ° ¢ “.. RANK

i, Aane
A

2
P1-
Osteoblast £ { ¢ ML e Q -\ Osteoclast ¥

ooy | &

Estrogen ;

Osteocyte

Fig. 6. Hypothesized scheme summarizing the effects of MHP1-AcN on osteo-
clasts, osteoblasts, and osteocytes in the context of OVX-induced osteoporosis.

5. Conclusion

Our findings suggest that MHP1-AcN, a novel peptide targeting both
RANK and TNFR1, maintains balanced bone metabolism by suppressing
excessive bone resorption while considerably preserving bone forma-
tion. This unique mechanism of action suggests that MHP1-AcN could
represent a promising new therapeutic option for osteoporosis with
potential clinical applications.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bone.2025.117440.
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