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ABSTRACT: Osteoporosis, a prevalent skeletal disorder aggravated by estrogen deficiency, is a major global health
concern that presents significant clinical challenges, particularly for postmenopausal women. This study evaluates the
therapeutic potential of colostrum whey protein (CWP) in mitigating estrogen deficiency-induced osteoporosis
through both in vivo (ovariectomized murine model) and in vitro (osteoblast culture) approaches. In ovariectomized
(OVX) mice, CWP administration increased bone mineral density (BMD) by 45%, elevated trabecular number (Tb.N)
by 38%, restored trabecular thickness (Tb.Th), and reduced trabecular separation (Tb.Sp) by 40%. Histomorphometric
analysis confirmed enhanced trabecular structure, collagen restoration, and reduced osteoclast activity. CWP also
restored bone metabolism by increasing alkaline phosphatase (ALP) and osteoprotegerin (OPG) levels, while
decreasing receptor activator of nuclear factor kappa-B ligand (RANKL) and tartrate-resistant acid phosphatase
(TRAP) levels. Mechanistic studies showed that CWP modulated the hepatic-bone axis through suppression of
PP2ACa and induction of lecithin-cholesterol acyltransferase (LCAT), facilitating cholesterol transport. Furthermore,
CWP upregulated osteogenic markers (bone morphogenetic protein-2 (BMP-2), runt-related transcription factor-2
(RUNX-2), and activated MAPK, BMP/Smad, and WNT/B-catenin signaling pathways, promoting osteoblast
proliferation, differentiation, and mineralization in vitro. These findings highlight CWP’s dual role in enhancing bone
formation and inhibiting resorption through both local (osteoblast activation) and systemic (hepatic-bone axis
modulation) mechanisms. Collectively, CWP emerges as a promising multi-target therapeutic candidate for
osteoporosis, bridging bone remodeling and metabolic crosstalk. Additional translational studies are warranted to
validate its clinical efficacy.
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1. Introduction

Osteoporosis, a metabolic bone disease characterized by diminished bone density and deterioration of

bone microstructure, elevates fracture risk and continues to pose a major global health challenge, especially

[1-3]

among postmenopausal females and the elderly . The disease originates from an imbalance in bone

remodeling, a dynamic process governed by osteoblast-mediated bone formation and resorptive osteoclasts,
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disrupted by hormonal changes (e.g., estrogen decline) and age-related cellular senescence [*°. At the
molecular level, bone remodeling is coordinated by an interplay of signaling pathways: the canonical
WNT/B-catenin pathway facilitates B-catenin stabilization and nuclear translocation to activate osteogenic
transcription factors, while the BMP/Smad cascade regulates osteoblast differentiation through both

691, Concurrently,

Smad1/5/8-dependent phosphorylation and non-canonical MAPK signaling pathways !
osteoclastogenesis is controlled by the OPG/RANKL/RANK axis, which modulates precursor differentiation
via NF-kB and AP-1 activation, and PI3K/Akt signaling, which enhances osteoclast survival and resorptive
function [¥19, Central transcriptional regulators include RUNX-2 and SP7 (Osterix), which drive osteoblast
lineage commitment and matrix synthesis, and NFATc1, a calcium-sensitive transcription factor essential for
osteoclast maturation [%/,

The hepatic-bone axis has recently been recognized as a critical bidirectional regulator of skeletal and
metabolic health. Hepatocyte-derived factors, including insulin-like growth factor-1 (IGF-1) and taurine,
directly stimulate osteoblast proliferation and inhibit osteoclast activity, while bone-derived osteocalcin and
fibroblast growth factor 23 (FGF23) reciprocally modulate hepatic glucose metabolism and cholesterol
homeostasis '], Estrogen deficiency disrupts this crosstalk, triggering hepatic stellate cell activation, collagen
deposition, and dysregulated lipid metabolism, all of which exacerbate bone loss and microarchitectural
deterioration "2l Estrogen’s dual role in enhancing osteoblast survival via ERa-mediated PI3K/Akt activation
and suppressing osteoclastogenesis through RANKL inhibition further underscores its systemic influence
[10,12].

Colostrum whey protein (CWP), a bioactive component of bovine colostrum containing growth factors
(IGF-1, TGF-B), immunoglobulins, and low-molecular-weight peptides, demonstrates osteoprotective
efficacy in preclinical models '3, Unlike conventional dietary interventions, such as fish collagen
hydrolysates (primarily enhancing collagen synthesis) or milk-derived casein phosphopeptides (improving

14-16]

calcium absorption) | , CWP uniquely integrates anabolic and anti-resorptive actions. It enhances

trabecular bone volume and connectivity density, upregulates osteogenic markers (e.g., BMP-2, RUNX-2),
and modulates systemic pathways involving hepatic cholesterol efflux and lipoprotein metabolism 31,
Current anti-osteoporotic therapies, including bisphosphonates and denosumab, predominantly target
osteoclast inhibition but fail to address the anabolic deficits inherent in age-related and estrogen-deficient
osteoporosis U718 In contrast, CWP exhibits dual efficacy, stimulating osteoblast proliferation and
differentiation via WNT/B-catenin and BMP/Smad activation while suppressing osteoclastogenesis through
RANKL/OPG axis modulation, positioning it as a multitargeted therapeutic candidate [!!-1°],

This study investigates CWP’s capacity to mitigate estrogen deficiency-induced osteoporosis in
ovariectomized (OVX) murine models, with a focus on bone mineral density (BMD), trabecular
microarchitecture (including Tb.Th and Tb.Sp), and hepatic-bone axis regulation. Mechanistically, CWP
activates WNT/B-catenin signaling via LRP5/6 receptor phosphorylation, stabilizing B-catenin to promote

osteoblast mineralization, and enhances BMP/Smad signaling through Smadl/5/8 complex formation.
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Concurrently, it suppresses hepatic PP2ACa, a negative regulator of LCAT, thereby enhancing cholesterol
transport and reverse cholesterol transport (RCT) to bone marrow stromal cells. These findings elucidate
CWP’s dual role as both an osteogenic enhancer and systemic metabolic modulator, bridging skeletal
anabolism and hepatic lipid metabolism. This preclinical evidence positions CWP as a novel therapeutic
strategy for osteoporosis, addressing both local bone remodeling deficits and systemic metabolic

dysregulation.

2. Materials and Methods
2.1 Materials

CWP is a powder (> 80% protein content) prepared by collecting colostrum from cows within 3 days
after calving, followed by removal of fat, casein, and lactose through processing including defatting,
isoelectric point precipitation, microfiltration, and drying.

MC3T3-E1 cells were procured from the Cell Bank of the Chinese Academy of Sciences (Shanghai,
China). Phosphate-buffered saline (PBS), fetal bovine serum (FBS), alpha-minimum essential medium
(a-MEM), penicillin, and streptomycin were obtained from HyClone. The cell proliferation reagent,
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2-h-tetrazolium bromide (MTT), and estradiol were sourced from
Sigma-Aldrich (St. Louis, MO, USA). Alkaline phosphatase (ALP) activity, tartrate-resistant acid
phosphatase (TRAP) assay kits, cell cycle and apoptosis detection kits, and Alizarin Red S staining kits were
acquired from Beyotime (Shanghai, China). ELISA kits for the detection of receptor activator of nuclear
factor-kB ligand (RANKL), osteoprotegerin (OPG), and osteocalcin (OCN) were provided by MLBIO
Biotechnology (Shanghai, China). Reagents for measuring inorganic phosphorus and calcium concentrations

were purchased from Nanjing Jiancheng Bioengineering Institute.
2.2 Assessment of Osteogenic Activity in Ovariectomized C57BL/6J Mice
Based on the method of Yang et al. *°! with modifications. Female C57BL/6J mice (20-22 g, 8-10 weeks

old) were obtained from Liaoning Changsheng Biotechnology Co., Ltd. The animal procedures were
performed in strict accordance with the guidelines of the National Institutes of Health. Mice were maintained
under standardized conditions (22-25°C, 50-60% humidity) with regulated 12 h light/dark cycles, in
compliance with the Animal Ethics Committee standards of Dalian University of Technology. Standard chow
was provided ad libitum.

The experimental cohort was divided into five groups (n=10 per group). Mice in the sham-operated group
(Sham) underwent anesthesia followed by a surgical procedure to remove fat tissue near the ovaries. Mice in
the remaining groups underwent ovariectomy (OVX) and were allowed a one-week recovery period
post-surgery 1®]. Following recovery, treatments were administered via gavage, except for the Sham and OVX
control groups. The positive control group (OVX + E2) received bi-weekly estrogen injections (0.1 mg/kg),
the high-dose group (OVX + CWPH) was gavaged with 300 mg/kg/day of colostrum whey protein, and the
low-dose group (OVX + CWPL) received 30 mg/kg/day for three months.
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At the end of the experimental period, the mice were euthanized, and blood samples were collected
immediately. Serum levels of osteoprotegerin (OPG), receptor activator of nuclear factor-xB ligand
(RANKL), alkaline phosphatase (ALP), tartrate-resistant acid phosphatase (TRAP), calcium (Ca), and

2. Following dissection, right femurs were fixed in 4%

inorganic phosphate (Pi) were measured [
paraformaldehyde and decalcified using 8% EDTA. The processed samples were paraffin-embedded,
sectioned, and stained with H&E, TRAP, and Masson's trichrome to evaluate osteoclast activity and collagen

distribution histologically %!,

2.3 Micro-Computed Tomography (Micro-CT) Imaging Analysis.

The left femur from each mouse was collected for microstructural analysis using a micro-CT system. The
femur was then reconstructed from the dataset using Sky-scan NR econ software. The region of interest (ROI)
was defined, and the trabecular bone within this region was modeled in three dimensions using CT vol
software. Bone morphology parameters and microstructural indices, including bone density, bone volume,
tissue volume, bone surface area/volume ratio, trabecular thickness, trabecular number, trabecular separation,
and trabecular pattern factor, were quantified with Sky-scan CT analyzer software to assess bone

microarchitecture in the mice 23!,
2.4 Cell Culture and MTT Assay

MC3T3-E1 cells were cultured in a-MEM supplemented with 10% fetal bovine serum, 100 U/mL
penicillin, and 100 pg/mL streptomycin, and maintained at 37°C in a 5% COz incubator. Upon reaching 80%
confluence, cells were passaged by aspirating the spent medium and dissociating with 1 mL of 0.25%
trypsin-EDTA. After a brief incubation, the cells were washed twice with PBS. Digestion was terminated by
adding complete medium, and the cells were gently resuspended. After transferring to a 15 mL conical tube,
centrifugation at 1000 r/min for 5 min yielded a cell pellet. The pellet was resuspended in fresh medium and
sub-cultured at a 1:2 ratio into new culture flasks.

For the MTT assay, MC3T3-E1 cells were seeded in 96-well plates (5 x 10* cells/well) and incubated for
24 h to allow adherence. The cells were then exposed to CWP at concentrations of 0, 50, and 200 pg/mL for
24,48, and 72 h. After treatment, 10 uL of MTT solution (5 mg/mL) was added to each well and incubating for
4 h at 37°C. Following incubation, the medium was removed, and 150 pL of dimethyl sulfoxide (DMSO) was
added to dissolve the formazan crystals. The cell suspension was gently vortexed to achieve full solubilization.
Absorbance was measured at 570 nm using a microplate reader, and cell viability was calculated based on the

absorbance values.
2.5 Osteoblast Differentiation and Mineralization Assays.

MC3T3-El cells were seeded at a density of 5 x 10* cells/well in a 12-well plate and cultured for 24 h.
CWP at concentrations of 0, 50 and 200 ug/mL was then added to the differentiation medium, which
consisted of a-MEM complete medium, 50 pg/mL ascorbic acid, and 10 mmol/L B-glycerophosphate. The

group without CWP served as the blank control. The cells were induced for 14 days, with medium changes
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every other day. At the end of the incubation period, the culture medium was harvested for extracellular
ALP activity quantification using a commercial assay kit , following the manufacturer's protocol. After two
washes with PBS, the cells were stained with the alkaline phosphatase staining kit and examined under a
microscope 24!,

For the mineralization assay, after 21 days, the medium was discarded, and the wells were washed with
PBS. Each well was treated with 1 mL of 4% paraformaldehyde for 30 min. After removal of
paraformaldehyde, 0.2% alizarin red solution was added, and the cells were incubated for 20 min. The wells

were washed three times with PBS, and mineralized osteoblast nodules were visualized by microscopy 12,
2.6 Real-Time Quantitative PCR Analysis

Cells were treated with CWP at concentrations of 0, 50, and 200 pg/mL for 72 h, as described in the cell
culture method. Total RNA was extracted from cell cultures using the Eastep™ Super Total RNA Extraction
Kit. cDNA synthesis was carried out using the FastKing One-Step De-Genomic cDNA First Strand Synthesis
Premix Reagent. Real-time qPCR was conducted with a qgTOWER?2.2 fluorescence quantitative PCR system,

with B-actin used as the housekeeping gene 26,
2.7 Western Blot Analysis.

Cells were treated with CWP at concentrations of 0, 50, and 200 pg/mL for 72 h, using the cell culture
method described above. Protein extraction was performed using a lysis buffer containing PMSF and RIPA,
and the protein concentration was quantified using the BCA Protein Assay Kit. The protein samples were
separated by SDS-PAGE and transferred to a polyvinylidene fluoride (PVDF) membrane. Blocking was
performed with 5% BSA for 2 h. After blocking, the PVDF membrane was incubated with primary and
secondary antibodies, followed by signal development using a chromogenic solution. Protein bands were

visualized with a gel imaging system and quantified through Image]J 1.51 software [*7].

2.8 Statistical Analysis

All experiments were conducted in triplicate, and the data are expressed as the mean + standard
deviation. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by
Duncan’s post hoc test, conducted with GraphPad Prism 9.0 software, to compare the experimental results
with those of the control group. A p-value of less than 0.05 was considered statistically significant.

Results

3.1 CWP Ameliorates Trabecular Microarchitecture and Bone Mineral Density (BMD) in Ovariectomized
(OVX) Mice

To evaluate the therapeutic efficacy of CWP in estrogen deficiency-induced osteoporosis, OVX mice
were administered low-dose (CWPL, 30 mg/kg/day) or high-dose (CWPH, 300 mg/kg/day) CWP via oral
gavage for 12 weeks. Three-dimensional micro-computed tomography (uCT) analysis demonstrated marked
trabecular bone loss in OVX mice, evidenced by a 31% reduction in bone BMD relative to sham-operated

controls (Fig. 1. B). Trabecular microarchitectural parameters were similarly impaired, with significant
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reductions in trabecular number (Tb.N, —23%) and thickness (Tb.Th, —29%), alongside a 41% increase in
trabecular separation (Tb.Sp) (Fig. 1. C-J). CWP treatment induced dose-dependent restoration of trabecular
integrity, with CWPH exhibiting maximal therapeutic efficacy: BMD increased by 33%, Tb.N by 46%, and
Tb.Th by 60%, while Tb.Sp decreased by 22% compared to OVX controls. CWPH achieved
near-normalization of trabecular metrics, whereas CWPL elicited intermediate restorative effects (BMD:

+14%, Tb.N: +42%).
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Fig. 1. CWP Improved osteogenesis in the femur of OVX mice. (A) Three-dimensional reconstruction of bone trabeculae
with profiles (X-Z axis) and cross sections (X-Y axis). (B) Bone mineral density. (C) Bone surface density. (D) Bone
volume. (E) Percent bone volume. (F) Bone surface/volume ratio. (G) Tissue volume. (H) Trabecular number (Tb.N). (I)
Trabecular separation (Tb.Sp). (J) Trabecular thickness (Tb.Th). Sham: removal of mouse fat tissue group; OVX: removal
of mouse ovaries group; OVX + CWPL: OVX mice with oral gavage of CWP at 30 mg/kg-day; OVX + CWPH: OVX mice
with oral gavage of CWP at 300 mg/kg-day. Graphs represent the mean + SD (n = 3). One-way ANOVA followed by

Tukey's multiple comparisons test was performed; P > 0.05, P <0.05, “P <0.01, P <0.0001.
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Histomorphometric validation further substantiated uCT findings. Hematoxylin and eosin
(H&E)-stained femoral sections revealed severe trabecular deterioration in OVX mice, characterized by
fragmented, discontinuous trabeculae with diminished connectivity (Fig. 2. H). In contrast, CWP-treated
cohorts maintained trabecular integrity, with CWPH mice displaying densely packed, interconnected
trabecular networks comparable to sham controls. Masson’s trichrome staining, which discriminates collagen
fibers (blue) %!, confirmed significant collagen depletion in OVX bone (—65% vs. sham), while CWPH
restored collagen content to 90% of sham levels (Fig. 2. I). Tartrate-resistant acid phosphatase (TRAP)
staining identified a 3.2-fold elevation in osteoclast activity (TRAP-positive multinucleated cells) in OVX
mice, which was attenuated by 66% in the CWPH group (Fig. 2. J), indicative of potent anti-resorptive
activity.
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RANKL. (F) TRAP. (G) OCN Expression map and fluorescence intensity analysis in bone tissue, Scale bar = 200 um. (H)
Hematoxylin and eosin (HE) staining of femur sections (scale bar: 200 um) highlighting bone microstructure. (I) Masson
staining of femoral sections (scale bar: 200 pm). (J) Tartrate-resistant acid phosphatase (TRAP) staining of osteoclasts
(scale bar: 200 um). Graphs represent the mean = SD (n = 3). One-way ANOVA followed by Tukey's multiple comparisons

test was performed; P > 0.05, "P <0.05, P <0.01, “P <0.0001.

3.2 CWP-Mediated Regulation of Bone Metabolic Markers to Restore Homeostasis

To evaluate the therapeutic effects of CWP on bone remodeling dynamics, serum biomarkers of bone
turnover were quantitatively analyzed. ALP activity, a key marker of osteoblast function, was significantly
elevated in OVX mice compared to sham-operated controls (P < 0.05; Fig. 2. A). CWP administration
dose-dependently restored ALP activity, with high- and low-dose groups exhibiting reductions of 50% and
47%, respectively, indicative of enhanced osteoblast-mediated bone formation.

TRAP activity, a hallmark of osteoclast activity, was significantly elevated in OVX mice (P < 0.01; Fig.
2. F). CWP treatment suppressed TRAP activity by 31% (CWPH) and 28% (CWPL), consistent with
attenuated osteoclast-driven bone resorption. Furthermore, the RANKL/OPG ratio, a pivotal regulator of
osteoclast differentiation, was significantly elevated in OVX mice but normalized following CWP
intervention. High-dose CWP reduced RANKL levels by 30% while increasing osteoprotegerin (OPG)
concentrations by 91% (Fig. 2. E), collectively demonstrating inhibition of osteoclastogenesis. Serum calcium
(Ca?*) and inorganic phosphate (Pi) levels, which were dysregulated in OVX mice, were restored to
physiological levels in CWP-treated groups (Fig. 2. B-D). These findings highlight CWP’s ability to

reestablish mineral homeostasis, a critical factor in preserving skeletal integrity.
3.3 CWP Modulated the Hepatic-Bone Axis

Emerging evidence underscores the hepatic-bone axis as a pivotal regulator of bone homeostasis. In
OVX mice, hepatic expression of protein phosphatase 2A catalytic subunit alpha (PP2ACa) was significantly
upregulated, promoting pathological cholesterol deposition in bone tissue and suppressing
osteoblast-mediated mineralization (P < 0.05; Fig. 3. C). CWP treatment restored this dysregulation, reducing
hepatic PP2ACa expression by 91% in the high-dose group (CWPH), thereby facilitating cholesterol efflux

from bone to liver. Concurrently, CWP administration robustly upregulated lecithin-cholesterol
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acyltransferase (LCAT) expression in the liver (9.3-fold increase in CWPH; Fig. 3. D), enhancing reverse
cholesterol transport. In bone tissue, immunohistochemical analysis revealed that CWP intervention markedly
elevated the expression of bone morphogenetic protein-2 (BMP-2) and runt-related transcription factor 2
(RUNX-2), key transcriptional regulators of osteoblast differentiation. Compared to OVX controls, the
CWPH group exhibited a 1.4-fold increase in BMP-2 and a 1.8-fold increase in RUNX-2 expression (Fig. 3.
A-B). These results demonstrate CWP’s dual therapeutic mechanism: resolving systemic cholesterol

trafficking disruptions and directly enhancing osteoblast activity to restore skeletal integrity.
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Fig. 3. CWP Regulated hepatic-bone axis mediators associated with osteogenic activity in OVX mice
(A) RUNX-2 representative images of IHC staining. (B) BMP representative images of IHC staining. (C) qRT-PCR
analysis of PP2ACao mRNA expression in the liver of OVX mice. (D) gRT-PCR analysis of LACT mRNA expression in the
liver of OVX mice. (E) qRT-PCR analysis of IGF-1 mRNA expression in the liver of OVX mice. Graphs represent the
mean + SD (n = 3). A one-way ANOVA followed by Tukey's multiple comparisons test was conducted; P > 0.05, P <

0.05, P <0.01, ""P <0.0001.

3.4 CWP Enhances Osteogenic Activity via Proliferation, Differentiation, and Matrix Mineralization

In vitro experiments using MC3T3-E1 preosteoblasts were performed to evaluate CWP’s direct
osteogenic effects. Proliferation assays showed a concentration-dependent increase in cell viability, with a
23% enhancement at 200 ug/mL CWP after 72 h (Fig. 4. A-C). Quantitative PCR analysis confirmed
significant upregulation of MAPK pathway components, ERK1/2 and JNK (P < 0.05; Fig. 4. D-F),
demonstrating CWP-induced stimulation of mitogen-activated protein kinase signaling. CWP enhanced
osteoblast differentiation, as indicated by a 1.3-fold increase in alkaline phosphatase (ALP) activity at 200
ug/mL (Fig. 5. B). Transcriptional analysis revealed pronounced upregulation of osteogenic markers: bone

morphogenetic protein-2 (BMP-2) and runt-related transcription factor 2 (RUNX-2) expression increased by
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3.4-fold and 5.4-fold, respectively (Fig. 5. C-E). Elevated -catenin expression further suggested synergistic

activation of WNT/B-catenin and BMP/Smad signaling pathways 28],
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Fig. 4. Dose-dependent stimulation of MC3T3-E1 preosteoblast proliferation by CWP. (A-C) Effect of different
concentrations of CWP on the proliferative activity of MC3T3-E1 at 24 h, 48 h, and 72 h. n = 3 per group. (D-F) qRT-PCR
analysis of ERK1/2 and INK mRNA expression in MC3T3-E1 after treatment with different concentrations of CWP.
Graphs represent the mean + SD (n = 3). One-way ANOVA followed by Tukey's multiple comparisons test was performed;
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Fig. 5. CWP enhanced MC3T3-E1 preosteoblast differentiation in a concentration-dependent manner (A) Representative
images of cell differentiation (Scale bar: 200 um). (B) ALP Mars quantitative analysis. (C-E) qRT-PCR analysis of BMP-2,
B-catenin, and RUNX-2 mRNA expression in differentiated osteoblasts treated with different concentrations of CWP.
Graphs represent the mean = SD (n = 3). One-way ANOVA followed by Tukey's multiple comparisons test was performed;

P> 0.05, "P <0.05, P <0.01, “P <0.0001.
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Mineralization assays validated CWP’s ability to promote late-stage osteogenic maturation. Alizarin Red
S staining demonstrated a 2.1-fold increase in mineralized nodule formation at 200 pg/mL CWP (Fig. 6. A-B).
Expressions of bone matrix proteins - bone sialoprotein (BSP), collagen type I (COL-I), and osteocalcin
(OCN) were significantly upregulated, with BSP levels rising by 4.5-fold and COL-I/OCN by 4-fold (P <
0.01; Fig. 6. C-E). Together, these findings illustrate CWP’s comprehensive osteogenic effects, spanning

early proliferation, differentiation, and terminal matrix mineralization.
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Fig. 6. CWP promoted osteogenic mineralization in MC3T3-E1 cells. (A) Representative images of cell mineralization
(Scale bar: 200 um). (B) Quantitative analysis of ARS" regions. (C-E) qRT-PCR analysis of COL-I, OCN, and BSP mRNA
expression in mineralized osteoblasts treated with different concentrations of CWP. Graphs represent the mean = SD (n =
3). One-way ANOVA followed by Tukey's multiple comparisons test was performed; “P > 0.05, P <0.05, P <0.01, *P
<0.0001.

3.5 CWP Activated BMP/Smad, WNT/p-Catenin, and MAPK Pathways to Promote Osteogenesis

Bone morphogenesis is regulated by tightly coordinated signaling pathways that govern osteoblast
proliferation, differentiation, and extracellular matrix synthesis ?°. Western blot analysis revealed that CWP
robustly activated key osteogenic pathways, BMP/Smad, WNT/B-catenin, and MAPK, central to skeletal
development. BMP-2, a master regulator of osteoblast differentiation and matrix production, exhibited
dose-dependent upregulation, with a 2-fold increase in expression at 200 ug/mL CWP compared to untreated
controls (Fig. 7. A). BMP-2 ligand-receptor binding triggers canonical Smad1/5/8 phosphorylation, enabling
nuclear translocation of phosphorylated Smad complexes. These complexes synergize with RUNX-2 to
transactivate osteogenic markers, including alkaline phosphatase (ALP), collagen type I (COL-I), and
osteocalcin (OCN), consistent with their elevated expression in CWP-treated cells (Fig. 6. C-E).
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CWP also upregulated SP7 (Osterix), a transcription factor critical for osteoblast lineage progression,
with a 1.5-fold increase at the highest dose (Fig. 7. E). SP7, functioning downstream of RUNX-2, drives
terminal osteoblast maturation and bone matrix protein synthesis. The coordinated induction of SP7 and
RUNX-2 underscores CWP’s ability to activate hierarchical transcriptional networks essential for

osteogenesis.
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Fig. 7. CWP upregulated osteogenic regulatory protein expression (e.g., BMP-2, RUNX-2, B-catenin) in a
concentration-dependent manner. (A) Western blot analysis of BMP-2, OCN, RUNX-2, SP7, Smad1/5/8, and B-catenin
protein levels in osteoblasts treated with different concentrations of CWP. (B-G) Relative expression of BMP-2, OCN,

RUNX-2, SP7, Smad1/5/8, and B-catenin as a percentage of GAPDH. Graphs represent the mean = SD (n = 3). One-way
ANOVA followed by Tukey's multiple comparisons test was performed; P > 0.05, "P <0.05, “P <0.01, ™"
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Furthermore, CWP enhanced WNT/B-catenin signaling, a pivotal regulator of osteoblast activity.
B-catenin expression increased 1.3-fold at 200 pg/mL. CWP (Fig. 7. G). WNT-mediated stabilization of
B-catenin facilitates its cytoplasmic accumulation and nuclear translocation, where it binds TCF/LEF
transcription factors to upregulate osteogenic targets such as RUNX-2. The concurrent upregulation of
B-catenin and RUNX-2 suggests synergistic crosstalk between WNT and BMP pathways, amplifying
CWP-induced osteogenesis.

MAPK signaling, involving ERK1/2 and JNK cascades, contributed to CWP’s osteogenic effects. As
shown earlier in Fig. 4. D-F, CWP elevated ERK1/2 and JNK transcript levels, indicating pathway activation.
ERK1/2 signaling promotes osteoblast proliferation via cyclin D1 induction and enhances differentiation
through RUNX-2 phosphorylation, boosting its transcriptional activity. This dual role aligns with the observed
upregulation of RUNX-2 and differentiation markers in CWP-treated cells.

Beyond isolated pathway activation, CWP coordinates inter-pathway crosstalk to enhance osteogenesis.
BMP and WNT pathways converge through B-catenin stabilization, while MAPK signaling potentiates Smad

[30]

transcriptional activity, amplifying BMP outputs °*. This synergism underlies the robust osteogenic response

to CWP. By simultaneously engaging BMP/Smad, WNT/B-catenin, and MAPK axes, CWP employs a
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polypharmacological mechanism distinct from single-pathway agents. Such multi-targeted activation
synchronizes osteoblast proliferation, matrix synthesis, and mineralization, ensuring spatiotemporal

coordination of bone formation.

4. Discussion

This study investigated the therapeutic potential of CWP in mitigating estrogen deficiency-induced
osteoporosis, with a particular focus on bone remodeling and systemic metabolic regulation. Using both in
vivo and in vitro models, the findings demonstrate that CWP improved bone microstructure, modulated
metabolic biomarkers, and activated key molecular pathways, highlighting its multifaceted role in bone
homeostasis.

In the OVX mouse model, which replicates postmenopausal osteoporosis, the results revealed significant
reductions in BMD, trabecular thickness (Tb.Th), and trabecular number (Tb.N), along with increasing
trabecular separation (Tb.Sp). BMD is a critical indicator of skeletal strength and fracture risk, while Tb.N
reflects trabecular density and structural integrity. In osteoporotic patients, the number of trabeculae
decreases, leading to increased bone fragility and higher fracture risk *'*2. The high-dose CWP (CWPH)
treatment significantly reversed these deficits, with BMD increasing by 33%, Tb.N increasing by 46%, and
Tb.Th increasing by 60%, while Tb.Sp decreasing by 22% compared to untreated OVX mice (Fig. 1 B-J).
These findings are consistent with studies that show the potential of natural peptides, like CWP, to restore
bone mass and improve microarchitecture in osteoporotic models 1>}, Histological analysis confirmed these
structural improvements, revealing compact trabeculae, reduced osteoclast activity (66% suppression in
TRAP+ cells; Fig. 2. J), and restored collagen content (90% of sham levels; Fig. 2. I). These results
underscore CWP’s dual ability to enhance bone formation and suppress resorption, which aligns with recent
studies highlighting the importance of balancing both osteoblast and osteoclast activities in osteoporosis
treatment >4,

CWP induced a 1.5-fold increase in ALP activity, a marker of osteoblast activity and bone
mineralization, indicating enhanced osteoblast-mediated mineralization, consistent with previous findings on
the role of ALP in osteogenesis *>*71 (Fig. 2. A). RANKL/OPG ratio, a driver of osteoclastogenesis, was
normalized, leading to a 31% reduction in TRAP activity (Fig. 2. F). Serum calcium and phosphate levels,
which are critical for bone mineralization, were restored to physiological ranges (Fig. 2. B-D). These findings
align with studies on other bioactive peptides, such as mussel-derived peptides, which also modulated the
RANKL/OPG axis and improved bone turnover*®*). However, CWP’s unique ability to integrate osteoblast
activation and osteoclast suppression simultaneously distinguishes it from conventional antiresorptive
therapies, which typically focus on either enhancing bone formation or inhibiting resorption 10411,

Beyond its local effects on bone metabolism, CWP demonstrated systemic metabolic effects via
modulation of the hepatic-bone axis. Estrogen deficiency is known to disrupt this axis, leading to cholesterol
accumulation in bone tissue, which impairs osteoblast function by downregulating BMP-2 and RUNX-2

o 14243

expressio . In this study, CWP treatment significantly modulated key hepatic factors. PP2ACa
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expression was reduced by 91%, and LCAT expression increased by 9.3-fold (Fig. 3. C-D), facilitating
cholesterol transport from bone to liver. Concurrently, bone tissue exhibited a 1.4-fold and 1.8-fold increase in
BMP-2 and RUNX-2 expressions, respectively (Fig. 3. A-B), transcription factors essential for osteogenesis.
This dual regulation suggests that CWP restored bone health not only by directly targeting osteoblasts but also
by addressing systemic metabolic imbalances, as supported by studies showing that metabolic dysregulation
could impair bone health 441,

In MC3T3-E1 preosteoblasts, CWP enhanced cell proliferation in a dose-dependent manner, with a 23%
increase in viability at 200 pg/mL (Fig. 4. A-C). This effect was linked to the activation of the MAPK
pathway, as evidenced by increased phosphorylation of ERK1/2 and JNK (Fig. 4. D-F) [4346 CWP also
amplified osteoblast differentiation, with a 2.3-fold increase in ALP activity and significant upregulation of
BMP-2, RUNX-2 and B-catenin (Fig. 5. C-E). These molecular changes resulted in a 3-fold increase in
mineralized nodules (Fig. 6. A-B) and elevated expression of bone matrix proteins, including bone
sialoprotein (BSP), collagen type I (COL-I), and osteocalcin (OCN) (Fig. 6. C-E). This aligns with previous
studies indicating that WNT/B-catenin and BMP/Smad signaling are key mediators of osteogenesis [*!. The
upregulation of these proteins underscored CWP’s effectiveness in promoting all stages of osteoblast activity,
from proliferation to late-stage mineralization.

The activation of BMP/Smad and WNT/B-catenin signaling pathways by CWP is very important in
promoting osteogenesis, as it enhanced bone formation and repair. This dual activation led to increased
BMP-2 expression, which in turn drived Smad1/5/8 phosphorylation (Fig. 7. A), and stabilized B-catenin,
enhancing WNT-mediated transcription (Fig. 7. B-G). The synergistic activation of these pathways, along
with MAPK, underscored CWP's potential in promoting osteogenesis from progenitor proliferation to
terminal mineralization. This mechanism aligns with existing literatures those highlight the importance of
these pathways in bone formation and repair 8-,

Collectively, this study positions CWP as a comprehensive therapeutic agent for osteoporosis, offering
multiple advantages over conventional antiresorptive treatments. Its ability to promote osteoblast activity,
inhibit osteoclast resorption, and correct metabolic dysfunctions through hepatic-bone axis modulation makes
it a promising candidate for addressing the multifactorial pathophysiology of osteoporosis. By integrating
direct osteoblast activation with osteoclast suppression and systemic metabolic correction, CWP provides a
more holistic approach to managing postmenopausal bone loss, which often focus on either bone formation or
resorption alone. These results contribute to the growing evidence supporting the use of bioactive peptides in

bone health and open the door for future clinical applications of CWP in osteoporosis management.

5. Conclusion

This study demonstrates that CWP mitigated osteoporosis through osteogenic stimulation,
anti-resorptive activity, and modulation of the hepatic-bone axis. In OVX mice, CWP restored trabecular bone
microarchitecture by promoting osteoblast differentiation via coordinated modulation of BMP/Smad,

WNT/B-catenin, and MAPK signaling pathways and suppressing osteoclastogenesis through normalization of
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the RANKL/OPG ratio. At the systemic level, CWP ameliorated estrogen deficiency-induced metabolic
dysregulation by downregulating PP2ACa and upregulating LCAT expression, facilitating cholesterol efflux
from bone tissue and reinstating BMP-2- and RUNX-2-dependent mineralization. Unlike conventional
antiresorptive therapies, CWP coordinated bone formation and resorption while rectifying systemic metabolic
imbalances, thereby providing a multifactorial therapeutic strategy for postmenopausal osteoporosis.
Translation to clinical applications necessitates comprehensive preclinical validation of its long-term efficacy

and safety in physiologically relevant models.
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