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Purpose: Long-term glucocorticoid- usage can lead to glucocorticoid-induced osteoporosis (GIOP). The study focused on the
preventative effects of a novel active vitamin D3 analog, eldecalcitol (ED-71), against GIOP and explored the underlying molecular
mechanisms.

Methods: Intraperitoneal injection of methylprednisolone (MPED) or dexamethasone (DEX) induced the GIOP model within C57BL/
6 mice in vivo. Simultaneously, ED-71 was orally supplemented. Bone histological alterations, microstructure parameters, novel bone
formation rates, and osteogenic factor changes were evaluated by hematoxylin-eosin (HE) staining, micro-computed tomography,
calcein/tetracycline labeling, and immunohistochemical (IHC) staining. The osteogenic differentiation level and mineralization in pre-
osteoblast MC3T3-E1 cells were evaluated in vitro using alkaline phosphatase (ALP) staining, alizarin red (AR) staining, quantitative
polymerase chain reaction (qQPCR), Western blotting, and immunofluorescence staining.

Results: ED-71 partially prevented bone mass reduction and microstructure parameter alterations among GIOP-induced mice.
Moreover, ED-71 also promoted new bone formation and osteoblast activity while inhibiting osteoclasts. In vitro, ED-71 promoted
osteogenic differentiation and mineralization in DEX-treated MC3T3-El cells and boosted the levels of osteogenic-related factors.
Additionally, GSK3-f and B-catenin expression levels were elevated after ED-71 was added to cells and were accompanied by reduced
Notch expression. The Wnt signaling inhibitor XAV939 and Notch overexpression reversed the ED-71 promotional effects toward
osteogenic differentiation and mineralization.

Conclusion: ED-71 prevented GIOP by enhancing osteogenic differentiation through Notch and Wnt/GSK-3p/B-catenin signaling.
The results provide a novel translational direction for the clinical application of ED-71 against GIOP.
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Introduction

Glucocorticoids are anti-inflammatory and immunosuppressive drugs widely utilized for chronic non-infectious inflam-
matory diseases, allergic diseases, and organ transplantation." Due to their widespread use, glucocorticoid-induced
osteoporosis (GIOP) has become a severe sequela. Studies have reported that approximately 30% of all patients treated
with glucocorticoids for at least six months could develop osteoporosis.” GIOP is the third common cause of pathological
bone loss after bone loss in postmenopausal women and older individuals, with nearly 20% of all patients having
osteoporosis.> GIOP onset is associated with rapid bone loss and a dose-dependent increase in fracture risk within a few
months."* It is also the most common form of drug-induced osteoporosis; however, compared with widely characterized
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postmenopausal osteoporosis, the condition has not yet been fully recognized. Moreover, based on their pathological
characteristics, targeted treatments have not been identified."

As common drug-induced osteoporosis, the pathological mechanisms of GIOP are distinct from postmenopausal
osteoporosis, primarily caused by osteoclast-induced bone resorption.” The core feature of GIOP pathogenesis includes
inhibited bone formation, glucocorticoids impair osteoblast proliferation, differentiation, and function, and induce apoptosis
within mature osteoblasts and osteocytes.®” In addition, glucocorticoids facilitate osteoclast formation and enhance bone
resorption rates in the early stages, while osteoclasts and osteoblasts are inhibited at later stages.® Currently, drug therapy is
the primary treatment avenue for GIOP. Bisphosphonates, denosumab, and teriparatide are common drugs, but they do not
generate ideal therapeutic effects.” Therefore, the simultaneous usage of glucocorticoids and drug intervention approaches
could prevent GIOP pathology and function combinatorially from resolving this problem.

The liver and kidney metabolize active vitamin D (an active form of vitamin D). Activated vitamin D forms, such as
calcitriol and alfacalcidol, and calcium supplementation are considered adequate preventative or first-step treatments for
GIOP.” Mechanistic studies have revealed that activated vitamin D regulates calcium and phosphorus metabolism and
promotes bone mineralization (traditional functions). However, it also directly acts on osteoblasts and indirectly on
osteoclasts through osteoblasts to modulate bone remodeling.'® Eldecalcitol (1o, 25-dihydroxy-2p-(3-hydroxypropyloxy)
vitamin D3 or ED-71) is a novel active vitamin D3 analog recently approved for sale in Japan. Compared with traditional
vitamin D, ED-71 has a longer half-life, depicts more stable binding with vitamin D binding proteins, and is more effective in
elevating bone mineral density and inducing mini-bone formation.'"'? Studies have also demonstrated that ED-71 sig-
nificantly reduces the risk of osteoporotic fractures,' inhibits bone turnover, prevents bone loss among ovariectomized
(OVX) rats,'* and reduces trabecular bone loss and bone brittleness in type I diabetes model rats.'> We previously conducted
several ED-71 studies, including ED-71-derived bone mini-modeling among OVX rats,'® the amelioration of diabetic
osteoporosis through ED-71 effects on the immune system,'” ED-71 amelioration toward cyclophosphamide-induced
osteoporosis among rats,'® and guided bone regeneration by ED-71 for bone defect restoration in rats.'® Thus, ED-71 has
good therapeutic prospects for treating various bone mineral diseases. Interestingly, while clinical studies described that ED-
71 was superior to alfacalcidol in maintaining bone mineral density in GIOP patients,?® the specific mechanisms and effects
of ED-71 on GIOP remain unclear. Similarly, it is unclear if ED-71 prevents GIOP occurrence and development.

The Notch signaling pathway is an intercellular communications system activated when the receptors bind to ligands,
with the primary target genes being Hes! and Heyl.”' The activated Notch intracellular domain is involved in
osteoporosis pathogenesis by inhibiting osteoblast differentiation during bone remodeling.*? Previously, the inhibition
of Notch signaling promoted osteogenic differentiation in OVX mice.>* In GIOP pathological mechanisms, glucocorti-
coids stimulate Notch! transcription in osteoblasts, generating distinct inhibited osteoblast activity.”* In addition, the
classical Wnt signaling pathway (Wnt/B-catenin signaling) is closely associated with bone metabolism, with crucial roles
in bone formation.>> Wnt signal through the Frizzled (FZD) family of proteins acting as receptors and low-density
lipoprotein receptor-related proteins 5 and 6 (LRP-5 and LRP-6) as coreceptors to stabilize f-catenin, translocating into
the nucleus to stimulate the transcription of Wnt target genes.”® Wnt signaling also enhances the osteogenic differentia-
tion of mesenchymal stem cells.”” Studies have shown that Wnt/GSK-3p/B-catenin signaling activation promotes
osteoblast proliferation, differentiation, and mineralization within DEX-treated MC3T3-E1 pre-osteoblasts.”® These
studies have suggested that Wnt/B-catenin signaling could be a potential therapeutic target against GIOP. However,
Notch and Wnt signaling do not function independently. Previous studies revealed they interacted during muscle
differentiation, liver disease progression, and carcinogenesis.”’>° These interactions were generated through other
intracellular molecules, eg, glycogen synthase kinase 3 (GSK-3f) acted as a junction between Notch and Wnt signaling
during mouse myogenesis.*® It was also established that normal bone cell differentiation needed high Notch signaling
and low Wnt signaling activity.”' However, it is unclear if these signaling pathways mediate GIOP prevention using
ED-71.

In this study, we developed a GIOP mouse model to evaluate the preventative effects of ED-71 in vivo. Additionally,
in vitro studies were conducted to assess if ED-71 prevented GIOP by regulating Notch and Wnt/B-catenin signaling,
thereby promoting osteoblast differentiation. Thus, our objective was to identify new molecular targets to treat
osteoporosis, including GIOP, and provide novel ideas for the clinical treatment of GIOP.
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Materials and Methods

GIOP Model Establishment and Treatment with ED-7|

Eight-week-old male C57BL/6 mice were procured from Jinan Pengyue Laboratory Animal Breeding Co. Ltd. (Jinan,
China) and kept under standard conditions in a 12 h light/dark cycle. All the animal procedures were performed in
accordance with the Guidelines for Care and Use of Laboratory Animals of the National Institutes of Health. All animal
experiments were approved by the Institutional Animal Care and Use Committee (IACUC), School and Hospital of
Stomatology, Shandong University (No. 20210915).

Mice were randomly allocated to six groups (n=8): 1) control (CON) (four weeks, see the treatment regime), 2) methylpred-
nisolone (MPED), 3) MPED+ED-71, 4) CON (eight weeks, see the treatment regime), 5) DEX, 6) and DEX+ED-71. Mice in
MPED and MPED+ED-71 groups were injected intraperitoneally with MPED (10 mg/kg) (MedChemExpress, Monmouth
Junction, NJ, USA) every day for four weeks. Simultaneously, the MPED+ED-71 group was orally supplemented with 50 mg/kg/
day of ED-71 (Chugai Pharmaceutical Co., Ltd., Tokyo, Japan) every day."” Mice in DEX and DEX+ED-71 groups were
intraperitoneally injected with DEX (1 mg/kg) (MedChemExpress) every day for eight weeks. Simultaneously, 50 mg/kg/day of
ED-71 was orally supplemented to the DEX+ED-71 group every day. At the end of treatment, some mice were anesthetized and
humanely euthanized by neck dissection. Femurs were removed and stored in 75% alcohol for micro-computed tomography
(micro-CT) or generating undecalcified histological slices. The remaining mice were anesthetized and intracardially perfused in
4% paraformaldehyde. After fixation, the femurs were decalcified in an EDTA-2Na solution at 4°C for four weeks. After
dehydration using an ethanol gradient series, the tissues were embedded in paraffin and sectioned into 5 pm thick slices for
histological analyses.

Micro-CT Assessment

After the 4- or 8-week treatment, bone microarchitecture parameters in distal femurs were examined through a micro-CT
scanner (SCANCO Medical AG, Bruttisellen, Switzerland). Two- and three-dimensional micro-CT images were recon-
structed with a micro-CT analysis system at 10 pm resolution (SCANCO Medical AG).

Calcein/Tetracycline Labeling

The mice were subcutaneously injected with 20 mg/kg tetracycline (MedChemExpress) or 8 mg/kg calcein (MedChemExpress)
on days 3 and 13 days before being euthanized, respectively.'® Mice were anesthetized and euthanized. The femurs were
separated and fixed in 75% ethanol for 48 h. Then, hard tissue embedding and ultra-thin sections (100-200 um) were generated in
the dark. Cortical bone sites corresponding to the primary bone trabeculae under the femoral growth plate were observed under
fluorescence microscopy (BX-53; Olympus Corporation, Tokyo, Japan), and the images were collected.

Hematoxylin and Eosin (HE) Staining

HE staining was used to evaluate histological changes in sections. After dewaxing and hydration, the slices were
immersed in hematoxylin for 15 minutes, washed in distilled water, immersed in eosin for 7 minutes, rewashed in
distilled water, and finally dehydrated and mounted. After this, the sections were observed, and digital images were
obtained under light microscopy (BX-53; Olympus). Trabecular bone volume (BV/TV), trabecular thickness (Tb.Th),
trabecular number (Tb.N), and trabecular separation (Tb.Sp) parameters were determined using the Image Pro Plus
6.2 software (Media Cybernetics, Silver Spring, MD, USA). Specifically, three tissue sections were chosen from each
level (margin, center, and another margin) for quantitative histological assessments to calculate mean values. CON
group was compared using the slices in equal levels. The average value of parallel samples was calculated.

Immunohistochemistry (IHC) and Tartrate Resistant Acid Phosphatase (TRAP)
Staining

Sections underwent IHC staining to examine alkaline phosphatase (ALP), osteocalcin (OCN), runt-related transcription
factor 2 (RUNX2), and collagen I (COL1) expression. Paraffin sections were first deparaffinized in xylene for 20 min. To
inhibit endogenous peroxidase, sections were pretreated with 0.3% hydrogen peroxide for 30 min and then treated with
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1% bovine serum albumin (BSA) in PBS (1% BSA/PBS) for 20 min at room temperature to prevent non-specific
staining. Sections were then incubated overnight with anti-ALP (1:150, ab108337, Abcam, Cambridge, UK), anti-OCN
(1:150, ab93876, Abcam), anti-RUNX2 (1:50, ab192256, Abcam), and anti-COL1 (1:100, ab34710, Abcam) antibodies.
The next day, after rinsing in PBS, sections were subjected to secondary antibody (1:200, ab6721, Abcam) staining for 1
h at room temperature. Diaminobenzidine (Sigma-Aldrich, Merck KGaA, Germany) was used to examine immune
responses. The sections were stained using ALP&TRAP double staining to investigate the activity of osteoclasts and
osteoblasts. Osteoblast activity was defined as ALP-positive cells on the linear surface of alveolar bone after
Diaminobenzidine examination (brown). After rinsing in double distilled water, the TRAP staining solution was added
and reacted at room temperature for 15 min until red staining was observed. Finally, all the sections were counterstained
with methyl green stain before being viewed under an optical microscope (BX-53; Olympus).

For statistical analysis, three sections were selected (margin, center, and another margin) for each quantitative histological
measurement and the average value of parallel samples calculated. Moreover, serial sections were selected and consistent vision
fields were recorded for different markers. RUNX2 positive osteoblasts and TRAP positive osteoclasts were counted and the
integrated optical density of COL1, the mean optical density of ALP and OCN were measured in three randomly selected non-
overlapping microscopic fields from each section using Image-Pro Plus 6.2 software (Media Cybernetics). Regions of interest
were manually selected in a color cube that based manner.

Cell Culture, Osteogenic Differentiation Induction, and Drug Treatments

Mouse pre-osteoblast MC3T3-E1 cells were obtained from Shanghai Cell Center (Shanghai, China) and maintained in a-
minimal essential medium with 10% fetal bovine serum, 100 units/mL penicillin, and 100 ug/mL streptomycin at 37°C
inside a 5% CO, humidified incubator. After adherence and to induce osteogenic differentiation, the cells were cultured
in osteoblast inducing conditional media and 50 mg/l ascorbic acid, 100 mM p-glycerophosphate, and 10 nM DEX?* for
7, 14, or 21 days. The osteoblast-inducing conditional media was changed every three days. The cells were also
incubated with DEX (1 uM)32 or co-incubated with DEX and ED-71 (1 nM)"” to mimic the ED-71 treatment in
a GIOP environment while performing osteogenic induction.

XAV939 Treatment and Hes| Overexpression

MC3T3-El cells were co-incubated with the B-catenin inhibitor XAV939 (10 uM) (MedChemExpress) to inhibit Wnt/B-
catenin signaling.* Cells treated with dimethyl sulfoxide became controls. The Hes/ overexpression vector (NM_008235) pc
DNA3.4-3xflag was synthesized by Keyybio (Shandong, China) to activate Notch signaling. Based on the manufacturer’s
instructions, the vector (4 pg/2 mL) was transfected into MC3T3-El cells using the ZLip2000 (10 pL/2 mL) transfection
reagent (Zoman Biotechnology Co., Ltd. Beijing, China). Moreover, pc DNA3.4-3xflag (4 png/2 mL) was transfected into
MC3T3-El cells and acted as the control group. The cells were cultured in six-well plates.

Immunofluorescence Staining

MC3T3-E1 cells fixed in 4% paraformaldehyde for 20 min were blocked in PBS plus 5% BSA for 1 h and incubated overnight
with an anti-f3-catenin (1:200; ab32572, Abcam) or anti-Notch1 (1:200; ab52627, Abcam) primary antibody. The next day, cells
were incubated for 1 h with a secondary antibody (Alexa Fluor® 488) (1:200; ab150081, Abcam). 4°,6-Diamidino-2-pheny-
lindole was used to stain the nucleus. Images were finally generated under fluorescence microscopy (BX-53; Olympus).

ALP Staining and Alizarin Red (AR) Staining

MC3T3-El cells were cultured in an osteogenic induction medium for seven days. The cells were fixed in 4%
paraformaldehyde for 20 min to test for ALP activity and stained using the ALP solution (Solarbio, Beijing, China)
based on the manufacturer’s protocols. At least three culture plates were screened for each group, and five fields were
randomly selected for each plate. The images were obtained under optical microscopy (CKX-41, Olympus).

For AR staining, MC3T3-El1 cells were cultured in osteogenic induction medium for 21 days to form mineralized nodules,
after which cells were fixed in 4% paraformaldehyde and stained with 1% AR staining solution (Lot. N0.20180820, Solarbio)
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to visually evaluate mineralized osteoblast levels. At least three culture plates were screened for each group and five fields
randomly selected for each plate. Images were taken under optical microscopy (CKX-41, Olympus).

Real-Time Polymerase Chain Reaction (RT-qPCR) Analysis

After 7 days of MC3T3-El cell culture, the culture medium was discarded and cells washed three times in pre-cooled
PBS for total RNA analysis. RNA was extracted from cells using Trizol reagent (AG21102, Accurate Biotechnology Co.,
Ltd., China). According to manufacturer’s instructions, cDNA was synthesized using the Evo M-MLV RT Reverse
Transcription kit II (AG11711, Accurate Biotechnology). QPCR was performed using the SYBR Green Pro Taq HS
premixed qPCR kit (AG11701, Accurate Biotechnology) in a RT fluorescence quantitative PCR system (LightCycler®
96 SW 1.1, Roche Ltd, Switzerland). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal
control and results were presented as relative gene expression. Fold-change in gene expression relative to the control was
calculated using the 2 **“9 method in GraphPad Prism software (GraphPad Inc., San Diego, CA, USA, version 6.0).
Primer sequences are shown (Table 1).

Western Blotting

Proteins were extracted in RIPA lysis buffer (Lot 02408/60412, CwBio Biotechnology Co., Ltd., China) according to manu-
facturer’s instructions. Protein concentrations were quantified using the bicinchoninic acid protein assay detection kit (P0012S,
BeyoTime Biotechnology, Shanghai, China). Quantified proteins were mixed with a 1/4 volume of 5 x sodium dodecyl sulfate
loading buffer and heated to 95°C for 5 min. Proteins were then separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to polyvinylidene fluoride membranes. After washing in 5% BSA-TBST at room temperature for 1
h, membranes were co-incubated with primary antibodies: anti-GAPDH (ab9485, Abcam), anti-COL1 (ab34710, Abcam), anti-
ALP (ab108337, Abcam), anti-RUNX2 (ab192256, Abcam), anti-OCN (ab93876, Abcam), anti-Notch1 (ab52627, Abcam), anti-
p-GSK-3B (ab131097, Abcam), anti-B-catenin (ab32572, Abcam), anti- non-phospho (Active) f-Catenin (8814, Cell Signaling
Technology), anti-WntS5a (A12744, Thermo Scientific), and anti-Frizzled4 (FZD4) (A8161, Thermo Scientific). After washing
three times in buffer, membranes were incubated for 1 h with a horseradish peroxidase-conjugated goat anti-rabbit IgG (ab6721,
Abcam) and then rewashed to remove residual antibodies. Immune reaction bands were visualized using enhanced chemilumi-
nescence reagent (B500024, Proteintech, Chicago, IL, USA). A gel imaging system (Amersham Imager 600, General Electric
Company, Boston, USA) was used to generate images. Grayscale values were analyzed and quantified using Image-Pro Plus 6.2
software (Media Cybernetics) and normalized to GAPDH levels. Each experiment was repeated at least three times.

Statistical Analysis

QQ plots were used to assess data distribution, when the scatter plot was close to a straight line, it can be considered that
the data set was approximately normally distributed. All the quantitative data were expressed as means =+ standard
deviations (SD) and all experiments were independently repeated at least 3 times. One-way ANOVA was used for
multiple groups’ comparison, and the mean value of each group was compared using the least significant difference
(LSD) test. SPSS 25.0 software was used to analysis the obtained data, P <0.05 was considered statistically significant.

Table | Specific Primers for Control and Target Genes

Gene Forward Reverse
COLI 5-TGGAAGAGTGGAGAGTACTGGAT -3’ 5’-ATACTCGAACTGGAATCCATCGG -3’
ALP 5- TCAGGGCAATGAGGTCACATC -3 5’- CACAATGCCCACGGACTTC -3’
RUNX2 5- CGGCCCTCCCTGAACTCT -3’ 5- TGCCTGCCTGGGATCTGTA -3’
OsSX 5-CTTGGGAACACTGAAGCTGT -3 5- CTGTCTTCACCTCAATTCTATT -3’
OCN 5-TCTGACCTCACAGATGCCAAG -3 5- AGGGTTAAGCTCACACTGCT-3’
fB-catenin 5-CCTAGCTGGTGGACTGCAGAA-3 5-CACCACTGGCCAGAATGATGA-3
Notchl 5-CCAAGCAAGAAGCGGAGAG -3’ 5- TGTCGTCCATCAGAGCACCAT-3’
GAPDH 5-GGTGAAGGTCGGTGTGAACG-3 5-CTCGCTCCTGGAAGATGGTG-3
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Results

ED-71 Improves Bone Quantity and Quality in Mice with GIOP

At four weeks, micro-CT analysis was used to detect the bone quantity and quality differences among the three
groups. CON mice revealed regular trabecular bone formation having moderate bone marrow cavities, while the
cortical bone of the diaphysis had a particular thickness (Figure 1A a, d). However, the MPED mice displayed
significantly less and more sparse trabeculae having larger bone marrow cavities, while the cortical bone had
become thinner than CON animals (Figure 1A b, e¢). However, compared with MPED mice, MPED+ED-71 mice
presented significantly elevated trabecular bone volume, smaller medullary cavity, and recovered cortical bone
thickness (Figure 1A c, f).

In CON mice, HE staining depicted that the trabecular bone in the femurs was regularly arranged, with a wide
thickness and small spacing (Figure 1C a, d). In contrast, cancellous bone levels in femurs of MPED mice were
significantly decreased and accompanied by sparse arrangements, reduced number, and increased separation
(Figure 1C b, e). After ED-71 administration, the cancellous bone mass was increased, the number and thickness
of bone trabeculae elevated, and the degree of separation decreased, preventing bone loss due to glucocorticoids
(Figure 1C c, f).

Statistical analysis of HE staining revealed that BV/TV values in the CON group were the highest, the MPED group
values were significantly decreased, and ED-71 group values were in the middle (Figure 1D). The thickness and the
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Figure | Effects of ED-71 on bone quantity and quality in MPED-induced osteoporosis mice. (A). a—f The representative 2D and 3D Micro-CT images of femur in CON,
MPED and MPED+ED-71 groups at 4 weeks. (B). a—f Calcein and tetracycline labeling of mice femur at 4 weeks. The red arrow indicates the distance between calcein and
tetracycline fluorescence labeling. Bar, 200um or 100um. (C). a—f The HE staining of mice femur. Bar; Imm or 500um. (D—G). Statistical analysis of bone histological
parameters. Error bars stand for mean * SD (n=5). *P < 0.05. **P < 0.01.%*P < 0.001.

Abbreviations: ns, no significance; CON, control; MPED, methylprednisolone; MPED+ED-7 |, methylprednisolone+eldecalcitol; BV/TV, bone volume/tissue volume; Tb.N,
trabeculae number; Tb.Th, trabeculae thickness; Tb.Sp, trabeculae separation.
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number of bone trabeculac were the highest in the CON group and lowest in the MPED group. In contrast, bone
trabecular thickness increased in the ED-71 group compared with the MPED group, but the values were not statistically
significant (Figure 1E and F). For trabecular separation, the CON group showed the smallest values, the MPED group
had the largest, and the MPED+ED-71 group values were in the middle (Figure 1G).

Calcein/tetracycline labeling was used to evaluate new bone deposition rates under dynamic conditions and
bone mass and quality. The labeling revealed the new bone deposition thickness in the 10 days between calcein
(green) and tetracycline (yellow) injections. The CON group showed the vastest distance and indicated that the
newest bone had formed in this group and the highest bone deposition rates (Figure 1B a, d). The MPED group
revealed the narrowest distance (Figure 1B b, e), while the MPED+ED-71 group showed accelerated bone
deposition rates than the MPED group (Figure 1B c, f).

After eight weeks of DEX administration, micro-CT trends were similar to MPED administration. In contrast,
reductions in bone mass were more significant (Figure 2A a-f). HE staining and statistical analyses depicted
similar trends in histological alterations and femur microstructure parameters. However, unmineralized cartilage
was reduced after eight weeks of treatment, and bone trabeculae had become thinner in all the groups. The
recovery effect of DEX+ED-71 on bone mass was weaker in the MPED+ED-71 group (Figure 2C a-f, D-G).
Compared with the MPED group, the DEX group showed more significant inhibitory effects on the bone
formation rates, while the DEX+ED-71 group also partially restored the bone formation rates (Figure 2B a-f).
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Figure 2 Effects of ED-71 on bone quantity and quality in DEX-induced osteoporosis mice. (A). a—f The representative 2D and 3D Micro-CT images of femur in CON, DEX
and DEX+ED-71 groups at 8 weeks. (B). a—f Calcein and tetracycline labeling of mice femur at 8 weeks. The red arrow indicates the distance between calcein and
tetracycline fluorescence labeling. Bar, 200pum or 100um. (C). a—f The HE staining of mice femur. Bar; Imm or 500um. (D—G). Statistical analysis of bone histological
parameters. Error bars stand for mean = SD (n=5). *P < 0.05. **P < 0.0]. ***P < 0.001.

Abbreviations: CON, control; DEX, dexamethasone; DEX+ED-71, dexamethasone+eldecalcitol; BV/TV, bone volume/tissue volume; Tb.N, trabeculae number; Tb.Th,
trabeculae thickness; Tb.Sp, trabeculae separation.
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ED-71 Promotes Osteoblast Activity and Inhibits Osteoclasts in GIOP Mice

In the CON group, ALP-positive osteoblasts were evenly distributed over the surface of bone trabeculae, while TRAP-positive
osteoclasts were scattered (Figure 3A a, d). The ALP-positive osteoblasts were significantly lower in the MPED group than in the
CON group, and TRAP-positive osteoclasts were reduced (Figure 3A b, e). Compared with the MPED group, ALP-positive
osteoblasts in the MPED+ED-71 group were elevated, but the TRAP-positive osteoclasts were reduced (Figure 3A c, f). Statistical
analyses depicted that the CON group showed the highest ALP activity, the MPED group significantly decreased activity, while
the MPED+ED-71 group demonstrated partially recovered activity. However, TRAP-positive osteoclasts were successively
reduced in CON, MPED, and MPED+ED-71 groups (Figure 3B).
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Figure 3 Effects of ED-71 on osteoblasts and osteoclasts in MPED-induced osteoporosis mice. (A). a—f Double staining of ALP&TRAP in CON, MPED and MPED+ED-71
groups at 4 weeks. The black arrows indicated ALP positive osteoblasts and the red arrows indicated TRAP positive osteoclasts. Bar, 200um or 100um. (B). The statistical
analysis of the mean optical density of ALP and the number of TRAP positive osteoclasts. (C). a—i The representative IHC staining of COLI, RUNX2, and OCN. The black
arrows indicated areas of positive expression. Bar, |00um. (D). The statistical analysis of mean optical density of OCN and integrated optical density of COLI, as well as the
number of RUNX2 positive osteoblasts. Data were presented as mean * SD (n=5). **P < 0.001.
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Compared with the CON group, COL1 and OCN expression levels decreased in the MPED group, and RUNX2
positive osteoblasts were also reduced (Figure 3C a, b, d, e, g, h). Compared with the MPED group, these indices were
increased in the MPED+ED-71 group (Figure 3C c, f, i), and statistical analyses reflected this trend (Figure 3D).

Similarly, after eight weeks of DEX and ED-71 treatment, when compared with the CON group, ALP-positive and TRAP-
positive osteoclasts were significantly reduced in the DEX group (Figure 4A a, b, d, €). Compared with the DEX group, ALP-
positive osteoblasts in the DEX+ED-71 group had increased, but TRAP-positive osteoclasts decreased (Figure 4A c, f), as
reflected by the statistical analyses trend (Figure 4B). For IHC staining, trends were similar to those at four weeks. However, the
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Figure 4 Effects of ED-71 on osteoblasts and osteoclasts in DEX-induced osteoporosis mice. (A). a—f Double staining of ALP&TRAP in CON, DEX and DEX+ED-71 groups
at 8 weeks. The black arrows indicated ALP positive osteoblasts and the red arrows indicated TRAP positive osteoclasts. Bar, 200um or 100um. (B). The statistical analysis
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of RUNX2 positive osteoblasts. Data were presented as mean = SD (n=5). **P < 0.01. **P < 0.001.
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DEX group displayed reduced COL1 and OCN expression levels and RUNX2 positive osteoblasts compared with the CON group
(Figure 4C a, b, d, e, g, h). The DEX+ED-71 group demonstrated specific recovery effects concerning these indicators, but the
results were not as significant as those at four weeks (Figure 4C c, f, 1). Similarly, statistical analyses reflected this particular trend
(Figure 4D).

ED-71 Partially Restores the Inhibitory Effects of DEX on MC3T3-El Cell

Differentiation and Mineralization

ALP and AR staining were performed on days 7 and 21 after treatment with DEX and ED-71. ALP staining showed that the ALP
activity of osteoblasts in the CON group was very low. However, it increased significantly after the addition of osteoblast-
inducing conditional media (OM group). In contrast, ALP activity in the DEX group was significantly inhibited compared to the
OM group. ALP activity was partially recovered in the DEX+ED-71 group (Figure 5A). AR staining was utilized to assess
calcium deposition, a key marker for osteoblast mineralization. As shown (Figure 5B), when compared with normal cells, AR
staining density and mineralized nodules among MC3T3-E1 cells treated with DEX were significantly decreased. In contrast, the
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Figure 5 Effects of ED-71 on the differentiation and mineralization of DEX-treated MC3T3-E| cells. (A). ALP staining of MC3T3-E|l cells in CON, OM, DEX, DEX+ED-71
groups at 7 days. Bar; Imm. (B). AR staining of MC3T3-E| cells in CON, OM, DEX, DEX+ED-71 groups after 21 days of culture. Bar, 500um. (C). The mRNA levels of
COLI, ALP, RUNX2, OSX, and OCN detected by RT-qPCR after 7 days of culture. GAPDH was used as an internal control. (D). The protein expression of COLI, ALP,
RUNX2, OCN, and GAPDH detected by Western blotting after 14 days of culture. (E). The statistical analysis of Western blotting. Data were given as the mean * S.D. from
three independent experiments. *P < 0.05, **P < 0.01. ***P < 0.001.

Abbreviations: ns, no significance; CON, control; OM, osteoblast inducing conditional media; DEX, dexamethasone; DEX+ED-71, dexamethasone+eldecalcitol.
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DEX+ED-71 group showed significantly elevated mineralized nodules compared to the DEX group (Figure 5B). RT-qPCR
analyses revealed that ED-71 treatment significantly elevated osteogenic marker mRNA levels in MC3T3-E1 cells, including
ALP, RUNX2, osterix (OSX), OCN, and COL1 (Figure 5C). Western blotting depicted that compared to the CON group, ALP,
RUNX2, COL1, and OCN expression was down-regulated in DEX-treated MC3T3-E1 cells, which is consistent at the protein
level. In contrast, ED-71 partially restored the protein levels (Figure 5D and E).

ED-71 Regulates Notch and Wnt/GSK-3f3/B-Catenin Pathways in DEX- Inhibited
MC3T3-El Cells

Immunofluorescence was performed to clarify the molecular mechanism underpinning ED-71-induced osteoblast differentiation
to evaluate classical Notch signaling and the Wnt/GSK-3p/B-catenin pathway. Cells cultured in the OM group revealed
significantly enhanced B-catenin expression in the nucleus and cytoplasm compared to the CON group. Also, B-catenin
expression in the DEX group decreased significantly but was visibly improved in the DEX+ED-71 group (Figure 6A). It was
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Figure 6 ED-71 regulated MC3T3-E| cells through Notch and Wnt/GSK-3f/B-catenin pathway. (A). The representative immunofluorescence staining images of -catenin in
CON, OM, DEX, DEX+ED-71 groups at 7 days. Bar, 200um. (B). Notch| immunofluorescence staining in CON, OM, DEX, DEX+ED-71 groups at 7 days. Bar, 200um. (C).
The mRNA levels of B-catenin and Notch| detected by RT-qPCR after 7 days of culture. GAPDH was used as an internal control. (D). The protein expression of Wnt5a,
FZD4, Active B-catenin, B-catenin, GSK3-B-p, Notchl, and GAPDH detected by Western blotting after 14 days of culture. (E). The statistical analysis of Western blotting.
Data were given as the mean % S.D. from three independent experiments. *P < 0.05, **P < 0.01. **P < 0.001.

Abbreviations: CON, control; OM, osteoblast inducing conditional media; DEX, dexamethasone; DEX+ED-71, dexamethasone+eldecalcitol.
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previously demonstrated that ED-71 induced osteoblast differentiation by promoting Wnt/GSK-33/B-catenin signaling.
Regarding Notch signaling, when compared with the CON group, Notchl fluorescence in the OM group was significantly
decreased. In contrast, fluorescence was enhanced in the DEX group. However, it was reversed by ED-71 addition (Figure 6B).
Next, Notchl and B-catenin expression were examined using RT-qPCR and showed B-catenin mRNA expression was elevated
and Notchl mRNA expression was reduced in the OM group. Compared to the OM group, B-catenin mRNA expression
decreased in the DEX group, while Notch1 expression increased. Thus, the addition of ED-71 partially counteracted the effects of
DEX, generating similar B-catenin and Notch1 levels in the OM group (Figure 6C). Similarly, Western blotting showed higher -
catenin. It lowered Notch1 expression levels in the OM group compared to the CON group. GSK-3, B-catenin, active 3-catenin,
Wnt5a, and FZD4 expression levels were down-regulated within the DEX group and accompanied by elevated Notchl
expression. In contrast, the ED-71 group demonstrated restored GSK-3f, B-catenin, active B-catenin, WntSa, and FZD4 levels
but partially inhibited the Notch levels (Figure 6D and E).

The Wnt Signaling Inhibitor XAV939 Reverses ED-71 Effects

We used a Wnt signaling inhibitor, XAV939, in our assays to further verify the effects of ED-71 on Wnt/B-catenin
signaling. We showed that ALP activity and mineralized nodules were significantly decreased in the DEX
+XAV939 group compared to the DEX group (Figure 7A and B). Moreover, XAV939 treatment decreased
COL1, ALP, RUNX2, and OCN mRNA levels (Figure 7C) and RUNX2, OCN, active B-catenin, Wnt5a, and
FZD4 protein levels (Figure 7D and E). It indicated that Wnt/B-catenin signaling participated in the MC3T3-E1
cell differentiation and mineralization.

Thus, ALP activity and mineralized nodules decreased in the DEX+ED-71+XAV939 group compared to the
DEX+ED-71 group, but the values were still higher than in the DEX+XAV939 group (Figure 7A and B).
Moreover, XAV939 treatment decreased COL1, ALP, RUNX2, and OCN mRNA levels (Figure 7C) and
RUNX2, OCN, active B-catenin, Wnt5a, and FZD4 protein levels within the DEX+ED-71+XAV939 group, but
they were higher than in the DEX+XAV939 group (Figure 7D and E). Therefore, XAV939 partially counteracted
the protective effects of ED-71 and indicated that XAV939 reversed the ED-71 effects on osteoblasts due
to DEX.

Notch| Overexpression Reverses ED-71 Effects

After Hesl was overexpressed, ALP activity and the mineralized nodules in the DEX+Hesl group became lower
compared to the DEX+ED-71 group (Figure 8A and B). Hes! overexpression decreased the COL1, ALP, RUNX2,
and OCN mRNA levels (Figure 8C) and the RUNX2 and OCN protein levels (Figure 8D and E). It suggested that
Notch signaling participated in the MC3T3-E1 cell differentiation and mineralization.

ALP activity and mineralized nodules were reduced in the DEX+ED-71+Hesl group compared to the DEX
+ED-71 group. However, the values were still higher when compared with the DEX+Hes1 group (Figure 8A and
B). In addition, the COL1, ALP, RUNX2, and OCN mRNA levels (Figure 8C) and the RUNX2 and OCN protein
levels were decreased in the DEX+ED-71+Hes1 group but were higher when compared with the DEX+Hes1 group
(Figure 8D and E). Thus, Notch activation through Hes/ overexpression reversed ED-71-induced osteoblast
differentiation and mineralization in the MC3T3-E1 cells. Moreover, both B-catenin RNA and protein levels
decreased after Notch activation (Figure 8C—E), indicating that the Notch pathway negatively regulated the Wnt/
B-catenin signaling pathway.

Discussion

In this study, the preventative effects of ED-71 were evaluated on GIOP, ED-71 function was assessed in promoting
osteogenic differentiation in a glucocorticoid-stimulated environment, and the underlying signaling mechanisms were
explored. Our results suggested that ED-71 prevented GIOP by improving bone mass, quality, and formation rates. These
effects were achieved by promoting osteoblast differentiation. One possible action mechanism could be that ED-71
promoted osteoblast differentiation by inhibiting Notch signaling and activating the Wnt/GSK-3p/B-catenin signaling
(Figure 9).
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Figure 7 The Wnt signaling inhibitor XAV939 reversed the effects of ED-71. (A). ALP staining of MC3T3-EI cells in OM, DEX, DEX+XAV939, DEX+ ED-71, DEX+ED-71
+XAV939 groups at 7 days. Bar, 500um. (B). AR staining images of these groups after 21 days of culture. Bar, 500pm. (C). The mRNA levels of COLI, ALP, RUNX2, OCN
and B-catenin detected by RT-qPCR after 7 days of culture. GAPDH was used as an internal control. (D). Western blotting detection of B-catenin, RUNX2, OCN, Wnt5a,
Active B-catenin, FZD4 and GAPDH after 14 days of culture. (E). The statistical analysis of Western blotting. Data were given as the mean * S.D. from three independent
experiments. *P < 0.05, **P < 0.01. *P < 0.001.

Abbreviations: OM, osteoblast inducing conditional media; DEX, dexamethasone; DEX+XAV939, dexamethasone+XAV939; DEX+ED-71, dexamethasone+eldecalcitol;
DEX+ED-71+XAV939, dexamethasone+eldecalcitol+XAV939.

High glucocorticoid doses and long-term usage can culminate in the common iatrogenic complication, GIOP.? In this
study, we selected two common glucocorticoids (MPED and DEX) to evaluate the effects of glucocorticoids compre-
hensively and established a mouse GIOP model.**** MPED and DEX are relatively short-acting (half-life = 12-36
hours) and long-acting glucocorticoids (half-life = 3672 hours), respectively.*> In this study, micro-CT, HE staining, and
calcein/tetracycline fluorescence labeling of the proximal femur was utilized to identify reduced new bone formation,
cortical bone thinning, BV/TV reduction, reduced bone trabecular number and thickness, and the increased degree of
separation, after MPED/DEX was used. These results established the damage controlled by glucocorticoids on bone mass
and quality, consistent with previous GIOP studies.*® In contrast, ED-71 significantly prevented GIOP progression as
manifested by improved bone mass and quality, similar to previous clinical and animal studies showing enhanced GIOP
pathology by ED-71.2"** I Importantly, ED-71 is effective in patients who did not receive prior glucocorticoid therapy.*®
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Figure 8 Notch| overexpression reversed the effects of ED-71. (A). ALP staining of MC3T3-El cells in OM, DEX, DEX+Hes|, DEX+ ED-71, DEX+ED-71+Hes| groups at
7 days. Bar, 500pm. (B). AR staining images of these groups after 21 days of culture. Bar, 500pum. (C). The mRNA levels of COLI, ALP, RUNX2, OCN, B-catenin and Hes |
detected by RT-qPCR after 7 days of culture. GAPDH was used as an internal control. (D). The protein levels of B-catenin, RUNX2, OCN and GAPDH detected by Western
blotting after 14 days of culture. (E). The statistical analysis of Western blotting. Data were given as the mean * S.D. from three independent experiments. *P < 0.05, **P <
0.01. *P < 0.001.

Abbreviations: ns, no significance; OM, osteoblast inducing conditional media; DEX, dexamethasone; DEX+ Hesl, dexamethasone+ Hesl transfection; DEX+ED-71,
dexamethasone+eldecalcitol; DEX+ED-7 1+ Hesl, dexamethasone+eldecalcitol+ Hes| transfection.

We supplemented ED-71 simultaneously as glucocorticoid administration, with our results consistent with this clinical
study. Therefore ED-71 could be a good candidate for preventing primary GIOP.

Based on the effects of ED-71 on GIOP, we also analyzed its effects on osteoblast and osteoclast function. ALP is a crucial
indicator of osteogenic differentiation and bone formation for osteoblasts.***' RUNX2 is a central transcription factor
regulating osteoblast differentiation and enhances bone mineralization.*> OCN is considered a marker of osteoblast differ-
entiation during the mineralization stage.*> COL1 is a marker of advanced osteogenic differentiation.** Our in vivo IHC data
revealed that ALP, RUNX2, OCN, and COLI1 levels in the femurs of GIOP mice were reduced and treatment with ED-71
significantly elevated this expression. Consistent with in vivo results, ED-71 effectively promoted DEX-inhibited MC3T3-E1
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Figure 9 ED-71 effectively prevented GIOP by promoting osteogenic differentiation via Notch and Wnt/GSK-3p/B-catenin signaling. ED-71 prevented GIOP by improving
bone mass, bone quality, and bone formation rates. One possible action mechanism may be that ED-7| promoted osteoblast differentiation by inhibiting Notch signaling and
activating Wnt/GSK-3pB/B-catenin signaling. (By Figdraw. www.figdraw.com).

cell differentiation and mineralization. The effects of ED-71 or active vitamin D3 on osteoblasts have been controversial in
recent years. Some studies suggested that ED-71 stimulated OVX rat pre-osteoblast differentiation but not their proliferation'®
and ED-71 pretreatment enhanced muscle-induced osteoblast differentiation and elevated ALP and COL1 expression in
MC3T3-E1 cells.* Similarly, ED-71 elevated osteogenic differentiation in MC3T3-E1 cells in the presence of osteoclast bone
absorption.*® Moreover, ED-71 exerted protective roles on osteoblasts to treat diabetic osteoporosis.!” However, some studies
reported that ED-71 alone exerted inhibitory effects against in vitro osteoblasts.*® A study of specific genetic modifications in
mice revealed that vitamin D3 had no positive role in bone formation.*’ These results were inconsistent with ours, possibly
because our study was the first to investigate the ED-71 effects on osteoblasts in the presence of common glucocorticoids.
Previously, it was suggested that ED-71 enhanced osteogenic differentiation, affected by different in vivo and in vitro
environments.

TRAP has been used as a histochemical marker for osteoclasts.*® Interestingly, we observed that both glucocorticoids
(DEX and MPED) TRAP-positive osteoclasts rather than boosting numbers as previously described,*? since glucocorti-
coids act differentially on osteoclasts during different GIOP development stages.” Moreover, osteoclasts were inhibited
after ED-71 administration, consistent with previous studies. Thus, it is suggested that ED-71 reduces osteoclasts and
bone resorption.'®*® Our previous studies and other study have partially revealed the mechanism of ED-71 inhibiting
osteoclasts. In short, ED-71 could regulate the ratio of RANKL/OPG, the EphrinB2—EphB4 signaling and the sphingo-
sine-1-phosphate (S1P).'*'*** The specific mechanism of ED-71 on inhibiting osteoclasts in GIOP is also our next
exploration direction.

ED-71 demonstrated distinct promotional effects toward osteogenic differentiation in vivo and in vitro.
A comprehensive exploration of molecular mechanisms has been warranted. We focused on the Wnt/B-catenin and
Notch signaling pathways. Wnt5a combined with FZD4 has been shown to regulate osteogenic differentiation
positively.”®! Our results showed that ED-71 inhibited Notch signaling, activated Wnt/GSK-3p/B-catenin signaling,
and restored the abnormal expression of downstream regulators. Additionally, Wnt/GSK-3p/B-catenin signaling inhibi-
tion through a small molecule inhibitor XAV939°? partially eliminated the positive effects of ED-71 against MC3T3-E1
cell differentiation and mineralization. Next, we showed that Notch signaling activation inhibited ED-71-induced
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osteogenic differentiation by overexpressing the target gene Hes! of Notch signaling. Furthermore, Notch activation
inhibited B-catenin expression, indicating a connection between Notch and Wnt/B-catenin signals. As previously
described, glucocorticoids inhibit Wnt signaling in osteoblasts.”®> Moreover, Wnt/B-catenin pathway inhibition prohibits
GIOP progression.>* Previous studies have reported that Notch signaling inhibited in vitro osteoblast differentiation and
led to osteopenia in vivo.>> Thus, low Notch activity is crucial for initiating early osteoblast differentiation and acts
oppositely to Wnt during osteoblast to osteoblast transition, and GSK-3f could mediate crosstalk between Notch and Wnt
signals.’®>® These results supported our hypothesis that ED-71 specifically exerted its therapeutic effects against GIOP
through the Notch and Wnt/GSK-3pB/B-catenin pathway. Thus, identifying a signaling mechanism could provide novel
ideas for GIOP treatment and generate targets for drug development.

However, as GIOP exhibits dynamic pathogenesis, our study had some limitations regarding the time points used.
Thus, more comprehensive studies need to be conducted in the future. In addition, ED-71 only partially offsets
glucocorticoid damage to bone mass and bone quality. Therefore, combining ED-71 and other drugs could achieve
better patient therapeutic outcomes. This is an important future direction for our research. Furthermore, ED-71 was
supplemented simultaneously with glucocorticoids, so it will be worth studying if ED-71 reverses the phenomenon
among GIOP models with bone loss.

In conclusion, we provided strong evidence that ED-71 prevented GIOP progression, and this process was closely
associated with osteogenic differentiation. ED-71 also enhanced osteoblast differentiation by inhibiting the Notch
signaling and activating the Wnt/GSK-3f/B-catenin pathway. Therefore, the use of ED-71 for GIOP treatment has
considerable clinical research value and provides significant drug developmental prospects in the future.
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