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This study investigated the regulatory potential of salidroside (SAL), a primary active com-
pound in Rhodiola rosea L., on osteoclast differentiation by modulating the hypoxia-inducible
factor 1-alpha (HIF-1a) pathway in osteoblasts. Luciferase reporter assay and chromatin im-
munoprecipitation (ChIP) assay were employed to validate whether the receptor activator of
nuclear factor-kB ligand (RANKL) is the downstream target gene of HIF-1a in osteoblasts. The
study also utilized lipopolysaccharide (LPS)-induced mouse osteolysis to examine the impact
of SAL on osteolysis in vivo. Furthermore, conditioned medium (CM) from SAL-pretreated os-
teoblasts was used to investigate the paracrine effects on osteoclastogenesis through the HIF-
1la pathway. Hypoxic condition-induced overexpression of HIF-1a upregulated RANKL levels
by binding to the RANKL promoter and enhancing transcription in osteoblastic cells. In vivo,
SAL significantly alleviated bone tissue hypoxia and decreased the expression of HIF-1a by
downregulating the expression of RANKL, vascular endothelial growth factor (VEGF), inter-
leukin 6 (IL-6), and angiopoietin-like 4 (ANGPTL4). In the paracrine experiment, conditioned
media from SAL-pretreated osteoblasts inhibited differentiation through the HIF-1a/RANKL,
VEGF, IL-6, and ANGPTL4 pathways. RANKL emerges as the downstream target gene regu-
lated by HIF-1a in osteoblasts. SAL significantly alleviates bone tissue hypoxia and bone loss
in LPS-induced osteolysis through the HIF-1a/RANKL, VEGF, IL-6, and ANGPTL4 pathways.

SAL inhibits osteoclast differentiation by regulating osteoblast paracrine secretion.

1. Introduction

Osteoporosis is a widespread skeletal disorder characterized
by decreased bone mass and deterioration of bone tissue mi-
croarchitecture, leading to enhanced bone fragility and increased
fracture risk '. This condition disproportionately affects the eld-
erly population, particularly postmenopausal women. Among
adults aged 40 years or older, the prevalence of osteoporosis is
5.0% in men and 20.6% in women °. Epidemiological data indic-
ate that approximately 33% of older women and 20% of older
men are at risk of osteoporotic fractures *“. While bisphosphon-
ates are commonly prescribed for osteoporosis treatment, they
are associated with potential adverse effects, including os-
teonecrosis and gastrointestinal complications > °. As a result,
there is an increasing focus on identifying novel approaches for
the prevention and treatment of osteoporosis.

The development of osteoporosis is closely associated with
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an imbalance between osteoblast-mediated bone formation and
osteoclast-mediated bone resorption, with the latter being the
primary contributing factor ’. Both osteoblasts and osteoclasts
are oxygen-sensing cells, and hypoxia has been linked to abnor-
mal bone metabolism *°. A hypoxic microenvironment is a com-
mon characteristic of osteolytic diseases, including osteoporosis,
playing a significant role in regulating bone remodeling and influ-
encing disease prognosis and progression'’. Hypoxia-inducible
factor 1-alpha (HIF-1a), an oxygen concentration-dependent
transcriptional regulatory factor, upregulates numerous genes
under hypoxic conditions, including vascular endothelial growth
factor (VEGF) ". Chronic intermittent hypoxia induces adaptive
responses in the body or cells to maintain oxygen homeostasis.
HIF-1a expression in both osteoblasts and osteoclasts can pro-
mote osteoclast differentiation and enhance bone resorption un-
der specific hypoxic conditions *.

Receptor activator of nuclear factor-kB ligand (RANKL),
secreted by osteoblasts, plays a crucial role in osteoclast activa-
tion and differentiation. VEGF, strongly induced by HIF-1a, is a
pro-angiogenic cytokine essential for angiogenesis. IL-6, a multi-
functional cytokine, influences osteoclast differentiation. Angi-
opoietin-like 4 (ANGPTL4), a pro-angiogenic adipokine, en-

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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hances osteoclast proliferation and differentiation. Previous stud-
ies have identified VEGF and ANGPTL4 as downstream target
genes of HIF-1a '* ', Additionally, our research group has
demonstrated IL-6 as another downstream target gene of HIF-1a,
implicating its involvement in bone resorption activity regula-
tion '°. The activation of HIF-1a and its downstream pathways,
including VEGF, IL-6, and ANGPTLA4, is critical in osteoclast regu-
lation. Further research is necessary to comprehensively elucid-
ate the mechanisms driving these effects and explore potential
therapeutic strategies for osteoporosis treatment.

Traditional Chinese herbal medicines are attracting
creased attention as potential treatments for osteoporosis due to
their abundant resources, long-standing efficacy, and minimal
side effects '®". Salidroside (SAL), the primary active compound
in Rhodiola rosea, has been extensively studied for its anti-hypox-
ic and pro-angiogenic properties. Research has demonstrated
that SAL mitigates hypoxia-induced osteoporosis by modulating
cellular autophagy levels, oxidative stress response, and other
pathways '*. Our investigation revealed that conditioned medium
(CM) from SAL-pretreated osteoblasts enhances the proliferation,
migration, and capillary structure formation of endothelial cells,
indicating that SAL promotes angiogenesis-osteogenesis coup-
ling in endothelial cells by upregulating the HIF-1a/VEGF path-
way in osteoblasts . However, the potential influence of SAL on
the HIF-1a pathway and its role in regulating osteoclast pheno-
typic expression through osteoblast paracrine secretion remains
unexplored.

This study demonstrates that RANKL functions as a down-
stream target gene of HIF-1a in osteoblasts. SAL significantly mit-
igated bone tissue hypoxia and ameliorated bone loss in lipopoly-
saccharide (LPS)-induced osteolysis through HIF-1a/RANKL, VE-
GF, IL-6, and ANGPTL4 pathways. Furthermore, SAL inhibited the
differentiation of co-cultured osteoclasts based on osteoblast-os-
teoclast interaction via these same pathways. These findings un-
derscore the complex role of SAL in modulating osteoclastogenes-
is and the interplay between osteoblasts and osteoclasts.

in-

2. Materials and methods

2.1. Materials

a-Minimum Eagle’s medium (a-MEM) (SH30265.01), Dul-
becco’s modified Eagle medium (DMEM) (SH30021.01), fetal
bovine serum (FBS) (SH30084.03), penicillin/streptomycin
(Sv30010) were obtained from Hyclone, Logan, USA. Osteoclasto-
genesis -inducing factors macrophage colony stimulating factor
(0815612) and RANKL (0817245) were acquired from Pepro-
Tech, NJ, USA. Lipofectamine™ 2000 was sourced from Invitro-
gen, CA, USA. SAL (S25475, C14H;(0,, 2 98%) was obtained from
YUANYE Bio-Technology, Shanghai, China. CoCl, (232696, =
97%) and YC-1 (Y102) were procured from Sigma, MO, USA.
Avastin (H0201B05) was acquired from Roche, IN, USA. HIF-1a
(ab1) and anti-IL-6 (ab9324) were obtained from Abcam, Cam-
bridge, UK. Anti-B-actin (RM2001) was sourced from Ray Anti-
body Biotech, Beijing, China. MBL (DF4152), immunoglobulin G
(IgG) (S0002) and immunohistochemistry (IHC) antibodies HIF-
la (BF8002), VEGF (AF5131), IL-6(DF6087), ANGPTL4
(DF6751) and RANKL(AF0313) were procured from Affinity
Biosciences, Ohio, USA. Denosumab (CSD00157) was obtained
from Chemstan Bio-Technology, Wuhan, China. Tartrate Resist-
ant Acid Phosphatase (TRAP) kit (G1492), Methylth-
iazolyldiphenyl-tetrazolium (MTT) solution (M8180), Red Blood
Cell Lysis (R1010), radio immunoprecipitation assay (RIPA) lysis
buffer (R0010), Toluidine Blue O solution (G3663), 5% bovine
serum albumin (BSA) (SW3015) and Annexin V-fluorescein iso-
thiocyanate (FITC)/Propidium lodide (PI) kit (CA1020) were ac-

573

Chinese Journal of Natural Medicines 23 (2025) 572-584

quired from Solarbio, Beijing, China. Hypoxyprobe-1 kit (HP2-
100) was sourced from Hypoxyprobe Inc., MA, USA. TRIzol re-
agent (DP424) was obtained from Tiangen Biotech, Beijing,
China. SYBR Green quantitative PCR (qPCR) SuperMix (AQ601-
03) was procured from TransGen Biotech, Beijing, China. HiFiS-
cript complementary deoxyribonucleic acid (cDNA) Synthesis Kit
(CW2569M) and bicinchoninic acid (BCA) kit (CW0014S) were
acquired from CWbio, Beijing, China. RANKL enzyme-linked im-
munosorbent assay (ELISA) kit (EK1208) was obtained from
Multisciences Biotech, Shanghai, China. EasyBlot enhanced
chemiluminescence (ECL) kit (WBKLS0100) was sourced from
Millipore, MA, USA.

2.2. Extraction of primary osteoblasts and osteoclasts

2.2.1. Primary osteoblasts

Neonatal C57BL6 mice, less than 48 hours old, were placed in
petri dishes within a super-clean bench environment. Their skulls
were exposed by carefully removing the surrounding connective
tissues using scissors. The skulls were then dissected into small
fragments measuring approximately 1mm x 1mm. Sub-
sequently, the tissues underwent digestion with 0.25% trypsin
for 20 minutes, after which the digested liquid was discarded.
Following this, 0.1% type I collagenase was applied for two diges-
tion cycles, each lasting 1 hour. The resulting digested solution
was collected and centrifuged. The cell precipitates were resus-
pended in a-MEM complete medium (containing 12% FBS, 1%
penicillin/streptomycin). The medium was replaced the follow-
ing day, and the identification of mouse primary osteoblasts
(MOB) was performed after 1 week. The reagents and drugs util-
ized in this study are described in the supplementary materials.

2.2.2. Primary osteoclasts

The femur and tibia of 6-week-old C57BL/6 mice were isol-
ated, and the bone marrow cavity was flushed with a-MEM medi-
um (containing 1% penicillin/streptomycin). The resulting bone
marrow suspension was centrifuged, and the supernatant was
discarded. Subsequently, red blood cell lysis buffer was applied
for 5 minutes, followed by another centrifugation step to remove
the supernatant. The remaining cells were cultured in a-MEM
complete medium (containing 12% FBS, 1% penicillin/strepto-
mycin). After 24 hours, the culture supernatant was replaced
with a-MEM complete medium supplemented with M-CSF (50
ng-mL™), and RANKL (50 ng-mL™). Mature osteoclasts derived
from bone marrow macrophages (BMMs) were obtained after
one week of culture.

2.3. Cell culture

To examine SAL’s impact on HIF-1a transcriptional activity
and RANKL expression regulation in osteoblasts, this study util-
ized human osteoblastic cell line MG-63, mouse osteoblastic cell
line MC3T3-E1, and mouse preosteoclast cell line RAW264.7, all
obtained from the American Type Culture Collection (ATCC, USA).
Prior to co-culture experiments, RAW264.7 cells were differenti-
ated into mature osteoclasts through treatment with M-CSF and
RANKL. MG-63 and RAW264.7 were cultured in DMEM complete
medium (containing 10% FBS, 1% penicillin/streptomycin),
while MC3T3-E1, MOB, and BMMs were cultured in a-MEM com-
plete medium (containing 12% FBS, 1% penicillin/streptomycin).

2.4. Cell transfection
To generate stable MG-63 cell clones with enhanced or inhib-

ited endogenous HIF-1la expression, the plasmids [pCMVh-HA-
ssHIF-1a, HIF-1a short hairpin ribonucleic acid (shRNA)], the
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vector (pCMVh-HA) and scramble shRNA were utilized. MG-63
cells were transfected with these plasmids using Lipofectamine™
2000. To examine the effect of HIF-1a on the transcriptional
activity of RANKL in osteoblasts under hypoxia, MG-63 cells were
transfected with the pGL3-hRANKL promoter-luc plasmid under
hypoxic conditions. The pGL3-hRANKL promoter-luc plasmid was
received as a gift from Dr. Sakamuri V. Reddy (Medical University
of South Carolina, USA). This plasmid, along with pCMVh-HA or
ssHIF-1a and SV40-B-galactosidase, was transfected into MG-63
cellsat a ratio of 1: 2 : 1 using Lipofectamine™ 2000. The trans-
fected cells were utilized for subsequent tests within 24 h post-
transfection.

2.5. Cell grouping and treatment

Cells were exposed to varying concentrations of SAL solu-
tions (1, 10, 100, 1000 nmol-L™"). The hypoxic groups were cul-
tivated in a hypoxic incubator with 1% O, or treated with CoCl,
(0.5 mmol-L™) for 24 h following 24 h of SAL treatment. In co-cul-
ture experiments, SAL was initially applied to the osteoblasts.
The hypoxic conditions and duration of SAL action remained con-
sistent with the aforementioned protocol. Subsequently, the cul-
ture supernatant was collected as CM to stimulate osteoclasts. In
the blocking group, the following subgroups were added to the
osteoblasts: HIF-1a specific blocking antibody YC-1 (10 pmol-L™)
added 1 hour in advance; VEGF inhibitor Avastin (4 pg-mL™),
Monoclonal anti-IL-6 antibody (0.3 pg'mL™"), ANGPTL4 inhibitor
MBL (10 pg-mL™"), RANKL inhibitor Denosumab (10 pg-mL™),
and IgG (control antibody) were added simultaneously with SAL.
The combinative blocking (CB) group received a combination of
YC-1, Avastin, anti-IL-6, MBL, and Denosumab.

2.6. Luciferase reporter assay

MG-63 cells were treated with SAL for 24 h, followed by ex-
posure to one of three experimental conditions: standard incub-
ator conditions, a hypoxic incubator with 1% 0, or 0.5 mmol-L™*
CoCl, treatment for an additional 24 h. After treatment, cells
were lysed to quantify luciferase activity using the Promega Luci-
ferase Assay System. Luminescence measurements were ob-
tained with a Fluoroskan Ascent™ FL Microplate Fluorometer and
Luminometer (Thermo Fisher Scientific, Waltham, USA). In paral-
lel, B-galactosidase activity was assessed using the ONPG sub-
strate (Sigma) and measured at 420 nm with a BioTek ELX800
microplate reader (BioTek Instruments, France).

2.7. ChIP assay

MG-63 cells underwent lysis and sonication to obtain DNA
fragments. After pre-clearance with blocked protein G agarose,
the supernatant was immunoprecipitated by adding an HIF-1a
antibody or an equivalent concentration of IgG. The mixture was
incubated overnight at 4 °C. Following multiple washes, the pro-
tein was digested using proteinase K at 45 °C for 2 h to reverse
the DNA-protein cross-linking. Subsequently, DNA was eluted
from the immune complexes.

2.8. LPS-induced calvarial osteolysis model in mice

C57BL/6 mice (male, 6-8 weeks old) were acquired from
Beijing Viton Lever Laboratory Animal Technology Ltd. (Beijing,
China). To induce osteolysis with LPS, mice received intraperi-
toneal injections of LPS on days 2 and 5. The mice were ran-
domly assigned to four groups: (1) control group (n = 8); (2) LPS
group (n = 8) receiving LPS (5 mg-kg™) alone; (3) SAL-treated
group (n = 8) receiving both LPS (5 mg-kg™") and SAL (5 mg-kg™);
(4) SAL-treated group (n = 8) receiving LPS (5 mg-kg™") and SAL
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(20 mg-kg™). SAL was administered on day 1 and subsequently
every other day. All mice were euthanized on day 8. Mice were
labeled with the hypoxia probe (hypoxyprobe-1) via intraperiton-
eal injection 1 hour before euthanasia. The animal experiment
was approved by the Experimental Animal Ethics Committee of
Tianjin University of Traditional Chinese Medicine (Approval No.:
TCM-LAEC2020130).

2.9. Micro-computed tomography (CT) scanning

The calvaria was immersed in a 4% paraformaldehyde solu-
tion for 48 h and subjected to micro-CT scanning (Micro CT Sky-
scan 1176, Bruker BioSpin, Belgium) for bone morphometric ana-
lysis. The scanning parameters included an isometric resolution
of 20 mm and X-ray energy settings of 90 kV and 180 pA. All tra-
becular and cortical bone from each selected slice were segmen-
ted for 3D reconstruction to calculate bone mineral density
(BMD, mg-cm™®). The threshold was set from 52 to 255 for trabec-
ular bone and from 50 to 255 for cortical bone. Scanning data
were analyzed to determine the bone volume (BV, mm®), bone
volume/tissue volume (BV/TV, %), trabecular thickness (Tb. Th,
um), trabecular separation (Tb. Sp, pm) and trabecular number
(Tb. N, 1/mm).

2.10. Hematoxylin and eosin (H&E) staining

Specimens extracted from the distal femurs underwent fixa-
tion and decalcification in a 15% ethylenediaminetetraacetic acid
(EDTA) solution. The specimens were then dehydrated using a
series of ethanol solutions of increasing concentration, followed
by embedding in paraffin. Subsequently, 5 um sections were cut
parallel to the longitudinal axis of the bone and prepared for
hematoxylin and eosin staining.

2.11. IHC analysis

Immunohistochemical staining was employed to analyze tis-
sue sections for the presence of hypoxia and to quantify levels of
hypoxyprobe-1, HIF-1a, VEGF, IL-6, ANGPTL4, and RANKL. Each
antibody was applied according to the manufacturer’s protocol.
The number of positive cells was calculated per bone area (B. Ar),
while the staining intensity was quantified using integrated optic-
al density per area of positive cells (I0D/area, mean density).
This analysis was conducted on six different images captured at
200 x magnification using Image-Pro Plus 6.0 software *’.

2.12. Methylthiazolyldiphenyl-tetrazolium (MTT)

MC3T3-E1 and MOB cells were seeded at a concentration of
4 x 10* cells/mL. The hypoxic groups were cultured in a hypoxic
incubator (STEMCELL Technologies, Vancouver, Canada) with
1% 0,. CM collected from each group was mixed with osteoclast
medium in a 1 : 3 ratio and incubated with osteoclasts for 48 h.
After the 48 h incubation period, the medium was extracted, and
20 pL of 5 mg-mL™ MTT solution was added to each well and in-
cubated at 37 °C for 4 h. Subsequently, the medium was dis-
carded, and 150 pL. DMSO was added to the wells. The percent-
age of relative cell viability was determined using the formula:
Relative cell viability = (experimental group/control) x 100%.
Absorbance at 490 nm was measured using a microplate reader,
and cell proliferation was calculated according to the following

21
formula “:

Alesl group — Ablank group

cell proliferation% = % 100%

control group — Ablank group

All experiments were performed in a minimum of three inde-
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pendent replicates.
2.13. RNA isolation and real-time qPCR

The extraction of total RNA from cells was conducted using
the TRIzol reagent according to the manufacturer’s guidelines.
Following RNA isolation, cDNA was synthesized using a cDNA
Synthesis Kit. qQPCR was performed using a Bio-Rad 1Q5 (Bio-Rad)
1Q5 system (Bio-Rad, USA) following the manufacturer’s proto-
cols for the setup procedure. The reaction mixture, with a total
volume of 20 pL, included forward and reverse primers for the
target genes rankl, rank, trap, ctr, mmp-9 and catk as listed in Ta-
ble 1. All experiments were conducted in triplicate. The relative
expression level of each mRNA was normalized against -actin
and presented as fold change using the 2™*“ method .

Table 1 Details of qPCR primer sequence

Gene primer sequence (5’-3")
F: 5’-GTGGACATCCGCAAAGAC-3’
B-actin
R: 5’-GCTGTCACCTTCACCGTTC-3’
F: 5’-GCATCCCTTGCAGCTCAACA-3’
rank
R: 5-ATGGAAGAGCTGCAGACCAC-3’
F: 5-TAACCGTCACCTGGCTGAAC-3’
trap
R: 5’-CACGGGACCCTAGTGCATTT-3’
F: 5'-TCACTGCTACATGTCACGCC-3’
ctr
R: 5’-GTCACTGTCAAGGGTCCAGT-3’
F: 5’-CCAGCCGACTTTTGTGGTCT-3’
mmp-9
R:5’-TGGCCTTTAGTGTCTGGCTG-3’
F: 5'-CCGAAAAGAGCCTAGCGAAC-3’
catk
R: 5’-GGTCATGTCTCCCAAGTGGT-3’
2.14. ELISA

An ELISA was conducted to evaluate RANKL production in
human osteoblastic cells. Initially, 1 x 10° cells were seeded in 24-
well plates and incubated overnight. Subsequently, the cells were
either maintained in a standard incubator, exposed to a hypoxic
environment with 1% O,, or treated with CoCl, for 24 hours. Fol-
lowing the treatment period, supernatants were collected and
centrifuged for clarification. RANKL concentration was then de-
termined using an ELISA kit according to the manufacturer's pro-
tocol. The ELISA experiments were performed in triplicate.

2.15. Western blot

The cells underwent lysis in RIPA lysis buffer for 30 min, and
the resulting protein supernatant was quantified using a BCA kit.
Proteins were separated by 10% SDS-PAGE gel and transferred
onto polyvinylidene fluoride (PVDF) membranes at 4 °C. Sub-
sequently, the membranes were blocked with 5% BSA and incub-
ated with primary antibodies, including Anti-HIF-1a (1 : 800) and
Anti-B-actin (1 : 1500). The membranes were then developed us-
ing the EasyBlot ECL kit and analyzed with a multifunctional im-
ager. The results were detected by a Tanon 5500 chemilumines-
cent imager system (Tanon Science & Technology; Shanghali,
China) and standardized to B-actin protein. Western blotting ex-
periments were conducted in triplicate.

2.16. Flow cytometry assay

The effect of SAL on osteoclast apoptosis was evaluated us-
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ing an Annexin V-FITC/PI kit and flow cytometry. Cells were in-
cubated with 100 pL of 1x Binding Buffer and 5 pL of Annexin V-
FITC for 10 minutes in darkness. Subsequently, 10 pL of PI was
added to the cells. Apoptosis was then analyzed using a flow cyto-
meter. The flow cytometry assay was conducted with a minimum
of three independent experiments to ensure reliability.

2.17. TRAP staining

The formation of osteoclasts was evaluated by exposing
RAW264.7 and BMMs to CM derived from MC3T3-E1 and MOB
for 6 days. Subsequently, TRAP staining was performed using a
TRAP Stain Kit according to the manufacturer’s instructions.
Three random views were selected under microscopy (Olympus
1X71, USA). TRAP-positive multinucleated cells (number of nuclei
3) were identified as osteoclasts. The quantity and spread area of
multinucleated (number of nuclei = 3) osteoclasts were meas-
ured under microscopy .

2.18. Bone resorption assay

For the bone resorption assay, bone slices were prepared
and utilized. The slices were initially polished to a 100 pm thick-
ness using a polishing machine and then cut into 5 mm x 5 mm
pieces. These pieces were rinsed twice with PBS and ultrasonic-
ally cleaned for 10 mins. The sterilized bone slices were sub-
sequently stored in DMEM containing 1% Penicillin-Streptomy-
cin. The bone slices were then subjected to continuous SAL treat-
ment. Both hypoxic and regular incubators were employed for
cell incubation. In co-culture experiments, RAW264.7 and BMMs
were stimulated with RANKL and M-CSF until osteoclast forma-
tion was observed. These cells were then seeded onto the treated
bone slices and cultured with CM derived from MC3T3-E1 and
MOB. After a 14-day incubation period, the bone slices were re-
moved and stained with Toluidine Blue O solution. Following fix-
ation, washing, dehydration, and staining, the bone lacunae were
observed and measured in vitro. The percentage of resorption
areas on the bone slices was analyzed using Image ] software. The
bone resorption experiment was conducted with a minimum of
three independent repetitions.

2.19. Statistical analysis

Statistical analysis was performed using SPSS Statistics 21.0
software (IBM, USA). For comparisons between the two groups, t-
tests were employed. One-way analysis of variance (ANOVA) was
utilized to evaluate differences among three or more groups in
normally distributed data. All data are presented as mean * SD.
GraphPad Prism 7 software (GraphPad Software) was used for
graphing and further analysis. Statistical significance was de-
noted as P < 0.05.

3. Results

3.1. Hypoxia-induced RANKL upregulation correlates with HIF-1a
overexpression

Initially, we examined the effect of hypoxia on RANKL ex-
pression in the MG-63 cell line. Exposing MG-63 cells to hypoxic
conditions (1% 0,) or 0.5 mmol-L™" CoCl, for 24 h resulted in a
significant increase in RANKL mRNA and protein expression, as
demonstrated by qPCR and ELISA analysis (P < 0.05) in Figs. 1A
and B. YC-1 exhibited a notable inhibitory effect. Given its sensit-
ivity to accumulation in hypoxic environments, the HIF-1a path-
way is believed to play a crucial role in bone regeneration. Con-
sequently, we hypothesized that the increase in RANKL expres-
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sion was linked to active HIF-1a in osteoblastic cells. MG-63 cells
were transfected with pCMVh-HA-ssHIF-1a (sense HIF-1a vec-
tor), HIF-1a shRNA, and the empty vector pCMVh-HA scramble
shRNA using Lipofectamine™ 2000 for stable transfection. As
shown in Figs. 1C, 1D and 1F, RANKL mRNA and protein expres-
sion significantly increased in MG-63/ssHIF-1a cells (P < 0.05).
MG-63 cells demonstrated a marked decrease in RANKL expres-
sion after transient transfection with HIF-1a shRNA, as illus-
trated in Figs. 1C, 1E, and 1G (P < 0.05). These findings suggest
that hypoxia induced the upregulation of HIF-1a, resulting in el-
evated RANKL levels in human osteoblasts.

3.2. Transcriptional regulation of RANKL under hypoxia is medi-
ated via HIF-1a pathway

Next, we examined whether the enhanced regulation of
RANKL occurred through transcriptional mechanisms. Human os-
teoblastic MG-63 cells were transfected with the pGL3-hRANKL
promoter-luc and subsequently incubated in 1% O, or CoCl,. As
shown in Fig. 1H, HIF-1a overexpression increased the transcrip-
tional activation of the RANKL promoter under hypoxic condi-
tions in MG-63 cells. Furthermore, we investigated the binding
activity of HIF-1a to RANKL promoters. MG-63 cells were incub-
ated in 0.1% O, or treated with CoCl, for 24 h. Anti-HIF-1a anti-
bodies and normal rabbit IgG were used for immunoprecipita-
tion of sheared chromatin, followed by PCR amplification. Fig. 11
demonstrates that RANKL expression was significantly elevated
in MG-63 cells under hypoxic conditions compared to normoxic
conditions. This result indicates that HIF-1a binds to the pro-
moter region of RANKL after nuclear translocation under hypox-
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ia. These findings support our conclusion that HIF-1a can bind to
the RANKL promoter, enhancing transcription in osteoblastic
cells.

3.3. SAL prevents LPS-induced osteolytic bone loss in vivo

Animal experiments were conducted to investigate the po-
tential anti-bone loss properties of SAL. LPS-induced deteriora-
tion in the microarchitecture of bone tissue was characterized by
decreased thickness, lower density, diminished connectivity, and
sparser trabeculae in the femur of mice (Fig. 2A). However, the
administration of SAL at doses of 5 mg-kg™ and 20 mg-kg™" effect-
ively inhibited the LPS-induced osteolysis. The SAL-treated
groups demonstrated enhanced BV (mm?®), BV/TV (%), trabecu-
lar thickness (Tb. Th, um), trabecular number (Tb. N, 1/mm),
BMD (mg/cm®), and reduced trabecular separation (Tb. Sp, um)
compared to the LPS group (Figs. 2B-2G). Histological assess-
ment confirmed the preventive efficacy of SAL in mitigating LPS-
induced osteolysis. Examination of H&E-stained histological sec-
tions revealed a higher degree of osteolysis in the LPS-induced
group compared to the control group, while the SAL-treated LPS-
induced group exhibited restoration of the bone matrix (Fig. 2H).
Consistent with these findings, trabecular area (Tb.Ar, %), trabec-
ular thickness (Tb. Th, um), and trabecular number (Tb. N,
1/mm) were increased and trabecular separation (Tb. Sp, um)
was reduced in the SAL-treated groups when compared with the
LPS group (Fig. 2I). TRAP staining showed that SAL reduced the
number of TRAP-positive osteoclasts in the bone tissue (Figs. 2]
and 2K). Moreover, immunohistochemical analysis revealed that
SAL significantly alleviated bone tissue hypoxia and downregu-
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lated the expression of HIF-la, VEGF, IL-6, ANGPTL4, and
RANKL. Additionally, SALreduced the expression of Pi-
monidazole (hypoxyprobe-1) adducts, indicating decreased hyp-
oxic areas in the bone tissue (Fig. 3). The results demonstrated
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that SAL significantly alleviated bone tissue hypoxia and down-
regulated the expression of HIF-1a while downregulating the ex-
pression of VEGF, IL-6, ANGPTL4 and RANKL, which were the
downstream target genes of HIF-1a.
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Fig. 2 SAL protects against LPS-induced bone loss in mice. (A)Representative images of micro-CT 3D microarchitecture of the femur (n = 8). (B-G) Scanning data were used
to analyze bone volume (BV, mm®), bone volume/tissue volume (BV/TV, %), trabecula thickness (Tb. Th, um), trabecular separation (Tb. Sp, um), trabecula number (Tb. N,
1/mm), bone mineral density (BMD, mg/cm®) (n = 8). (H) H&E staining image. The scale bars represent 500 um (n = 8). (I) The trabecular area (Tb.Ar, %), trabecula thick-
ness (Tb. Th, pm), trabecular separation (Tb. Sp, pm), trabecula number (Tb. N, 1/mm) of bone sections (n = 8). (J-K) The number of TRAP-positive osteoclasts of tissue was
analyzed using TRAP staining (n = 8). The scale bars represent 100 um (n = 8). The results are presented as the mean * SD. P < 0.05.
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3.4. SAL inhibits osteoclastogenesis in a paracrine manner via HIF-
la pathway

The study indicates that SAL has the capacity to downregu-
late HIF-1a expression and its downstream target genes, thereby
inhibiting osteolysis. This effect could potentially be attributed to
SAL'’s role in modulating osteoblast and osteoclast activities. To
explore whether SAL regulates the osteoblast-osteoclast interac-
tion via the HIF-1a pathway, osteoblast culture supernatant was
collected as CM. The MTT assay revealed that under hypoxic con-
ditions, CM enhanced osteoclast cell viability. However, SAL
treatment significantly reduced the cell viability of RAW264.7
and BMMs (Fig. 4A). Additionally, flow cytometric analysis
showed that RAW264.7 cells treated with SAL for 48 h exhibited a
notable increase in apoptotic rates (Fig. 4B). qPCR analysis res-
ults demonstrated a significant decrease in the gene expression
of Trap, ctr, rank, catk, and mmp-9 in both RAW264.7 and BMMs
(Figs. 4C and 4D).

Based on these findings, this study further explored SAL’s im-
pact on osteoclast differentiation and bone resorption function
through the activation of the osteoblast HIF-1a pathway. Obser-
vations revealed that osteoclasts in the 1%0, + CM group dis-
played an oval or irregular morphology with multiple nuclei. Fol-
lowing SAL administration, a significant reduction in the quant-
ity of nuclei and TRAP-positive osteoclasts was observed. Con-
sistent results were obtained from both RAW264.7 and BMMs
(Figs. 5A and 5B). When RAW264.7 and BMMs were incubated
with bovine cortical bone slices for 14 days, significant bone re-
sorption lacunae were noted in the 1%0, + CM group, character-
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ized by oval-shaped areas of increased volume. SAL diminished
bone resorption, as evidenced by a reduction in the bone resorp-
tion area and pit number (Figs. 5C and 5D). However, the effects
of SAL on osteoclasts through co-cultured osteoblasts were di-
minished to varying degrees after the addition of YC-1, Avastin,
Anti-IL-6, MBL, and Denosumab. As the downstream of HIF-1a,
SAL significantly inhibited osteoclast activity and the expression
of differentiation genes through RANKL, VEGF, IL-6, and ANG-
PTL4 (Figs. 6A and 6B). It primarily inhibited osteoclast differen-
tiation and bone resorption through the HIF-1a/VEGF and HIF-
1a/RANKL pathways (Figs. 6C and 6D). Further investigation in-
to the effect of combined blockade on SAL'’s action on osteoclasts
revealed that combined blockade could completely reverse the
SAL-mediated effect of HIF-1a (Fig. 7). Thus, the mechanistic
study demonstrated that SAL regulated the phenotype of osteo-
clasts based on osteoblast-osteoclast interaction via the HIF-1a
pathway.

4. Discussion

Microenvironmental hypoxia is a prevalent characteristic of
osteolytic bone diseases, negatively impacting disease prognosis
and progression. HIF-1, comprising HIF-1a and HIF-1f8 subunits,
functions as a crucial transcriptional regulator in mediating cellu-
lar responses to hypoxia by interacting with the hypoxia-respons-
ive element (HRE) and subsequently modulating target gene ex-
pression **. As a key regulator of hypoxia responses, HIF-1a signi-
ficantly influences bone modeling, remodeling, and homeostasis
processes *°. RANKL, a type II transmembrane protein belonging
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to the tumor necrosis factor (TNF) superfamily *°, has been recog-
nized as the primary modulator of mature osteoclast differenti-
ation since its discovery as the principal determinant in osteo-
clast generation . In this study, we demonstrated that activated
HIF-1a signaling led to enhanced RANKL production and osteo-
clast formation. This result corroborates a previous study, which
reported that deletion of HIF-1a prevented estrogen deficiency-
induced bone loss in mice *°. Additionally, our findings revealed
that hypoxia-induced RANKL promoter activity increased not-
ably with HIF-1a overexpression and enhanced RANKL promoter
DNA binding ability under hypoxic conditions. These observa-
tions indicate that RANKL functions as a downstream target gene
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of HIF-1a in osteoblasts and plays a role in regulating osteoclast
activity.

Rhodiola crenulata, a medicinal herb prevalent in high-alti-
tude Tibetan regions, is renowned for enhancing tissue oxygena-
tion, facilitating adaptation to high-altitude environments, and
mitigating associated symptoms. SAL, the primary active com-
pound in Rhodiola crenulata, exerts anti-hypoxia effects by scav-
enging reactive oxygen species, reducing calcium ion overload,
and inhibiting apoptosis *”*. Additionally, SAL demonstrates pro-
angiogenic effects through the HIF-1a-VEGF signaling pathway,
contributing to the coordination of angiogenesis and osteogenes-
is essential for bone health and repair . ANGPTL4, a secreted
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adipokine, independently promotes angiogenesis and is identi- newly discovered target of HIF-1a *
fied as a downstream target gene of HIF-1a, as revealed by DNA IL-6 as a downstream effector of HIF-1a, with its encoding gene
chip technology '**'. Previous research has identified IL-6 as a being a newly discovered target of HIF-1a **. This study aimed to
downstream effector of HIF-1a, with its encoding gene being a establish an LPS-induced osteolysis model and investigate the ef-

. This study aimed to identify
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blocked with blocking antibodies (n = 3). (C)The effect of SAL on TRAP staining of osteoclasts was blocked with blocking antibodies. The scale bars represent 100 pm (n = 3).
(D) The effect of SAL on bone resorption of osteoclasts was blocked with blocking antibodies (n = 3). The results are presented as the mean # SD. P < 0.05.

fects of SAL intervention. SAL significantly alleviated bone tissue
hypoxia and ameliorated bone loss in LPS-induced osteolysis by
modulating the HIF-1a/RANKL axis and the expression of VEGF,
IL-6, and ANGPTL4. As downstream target genes of HIF-1a ex-
pressed in osteoblasts, RANKL, VEGF, IL-6, and ANGPTL4 play
crucial roles in regulating osteoclast differentiation and function.
Subsequently, the study assessed the inhibitory effects of SAL on
osteoclast activity.

The interplay between osteoblasts and osteoclasts is crucial
in guiding the clinical management of osteolytic bone diseases. A
comprehensive understanding of these cells’ origin and function
is essential for bone metabolism and the development of osteolyt-
ic disorders. Osteoblasts, originating from mesenchymal stem
cells, are vital for bone formation. They possess the capacity to
sense oxygen and detect changes in blood flow and oxygen pres-
sure in bone tissue, particularly under hypoxic conditions on tra-
becular bone surfaces. Research has demonstrated the induction
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of HIF-1a expression in osteoblasts under hypoxia *, and studies
involving HIF-1a knockout mice have revealed a decrease in os-
teogenic capacity **, emphasizing HIF-1a’s critical role in osteo-
blast functionality and bone formation in low oxygen environ-
ments. In contrast, osteoclasts, multinucleated cells derived from
monocytes, are responsible for bone resorption. Their differenti-
ation is influenced by factors such as M-CSF and RANKL. The in-
teraction between osteoblasts and osteoclasts is facilitated by the
secretion of both paracrine and autocrine factors, with osteo-
blasts producing substances like M-CSF, RANKL, WNT5A, OPG,
and WNT16 that regulate osteoclast formation and activity ***’
Based on these findings, we confirmed that SAL inhibited osteo-
clast differentiation through the HIF-1a pathway via osteoblast-
osteoclast interactions. To evaluate the inhibitory effect of SAL on
hypoxic osteoblasts through the paracrine pathway, we utilized
various assays, including MTT, flow cytometry, qPCR, TRAP
staining, and bone resorption assays. The results indicated that



Y.Jin etal

A

Chinese Journal of Natural Medicines 23 (2025) 572-584

mmm Control B
== CM
== 1% 0, +CM 200  BMMs .
= OT BMMs == 1% O, + CM + SAL (100 nmol-L ") =) M
8 . == 1% 0, +CM + SAL+CB H R
¢ M . S 150F A |
= » l * | —
Z 4k — T M .M . 3
5 M .M — .M <
< — : — < 100 f
Z - z
E 1 . : . 2
2T sl
0 o =8 2
o
rank trap ctr mmp-9 catk (f’&@ & X&;}' XC./
o~
\ Xc@ &
o &
C Control 1% 0, + CM S wa
I . PR oy S AN P T SN S
G o Gt e { “’:“,ré?‘ *:-‘ i >
Lt S AR S8
¥ ” e o~ ” sy )/
5 NGPen «s5 » - T A N Y &
SRR > g AN ’ —% =g i-“‘/j/»‘-v 80 BMMs
BN > Wy v Nigee g = Vo T (A *
,,La,,,"‘ N R s"‘t',%f*«, . Al re g »:S»’:'é‘q /"E“ﬂ w
W . AT e b= Caw BT oyt | T
. v x{ B o . 5 1 ] kS
100 in &~ Do Dioun® oo W A Clegm ) R , 2
Pl AN # e B XKl 1 ™ Rk 5
2
<
1% O, + CM + SAL (100 nmol-L ") 1% 0,+CM + SAL + CB 2
P S
'QH‘*'s
s "
400 pmys
L 1 }%n
D Control
¥
b
v n |

o 200 pm
'Q: } | A ST i

1% O, + CM + SAL (100 nmol-L™")

- od

Resorption area (% of control)

Fig. 7 The effects of the combined blockade on osteoclasts via hypoxic osteoblasts. (A)The effect of SAL on differentiation-related gene expression of osteoclasts was
blocked with combinative blocking (n = 3). (B) The effect of SAL on the cell viability of osteoclasts was blocked with combinative blocking (n = 3). (C) The effect of SAL on
TRAP staining of osteoclasts was blocked with combinative blocking (n = 3). The scale bars represent 100 pm. (D)The effect of SAL on bone resorption of osteoclasts was
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the CM enhanced osteoclast viability, apoptosis, differentiation,
and bone resorption activity, with these effects being more pro-
nounced under hypoxic conditions. However, these effects were
significantly mitigated in the hypoxia CM + SAL group. Moreover,
the inhibitory effects were reversed upon the addition of specific
blocking antibodies. Thus, SAL inhibited osteoclast differenti-
ation and function under hypoxic conditions through pathways
mediated by osteoblasts, involving HIF-1a/RANKL, VEGF, IL-6,
and ANGPTL4 (Fig. 8).

LPS, a component of the outer membrane of Gram-negative
bacteria, is a bacterial endotoxin that stimulates osteoclastogen-
esis by increasing the secretion of inflammatory cytokines and
RANKL in an inflammatory environment. This process promotes
the release of RANKL, which enhances osteoclast formation and
osteolysis ***°, Consequently, LPS is widely utilized in the study
of inflammatory osteolysis *"**. The results of in vivo experi-
ments demonstrate that SAL inhibited LPS-induced inflammat-
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ory bone loss in a dose-dependent manner. However, our experi-
mental model was limited to LPS-induced local bone destruction
of the femur in short-term experiments. Osteolytic diseases such
as osteoporosis are typically long-term systemic conditions. Fur-
thermore, multiple proinflammatory factors contribute to the de-
velopment of osteolytic diseases. Therefore, additional in vivo
studies, such as research on osteoporosis models induced by
ovariectomy in mice, should be conducted to further elucidate the
efficacy of SAL in treating osteoclast-related diseases.

Osteoclasts play a crucial role in bone resorption ***, which
is an essential process in the development of osteoporosis “>*/
and other related bone disorders ***, SAL targets osteoblasts and
inhibits osteoclast differentiation, potentially arresting the ex-
cessive bone resorption associated with these conditions. This in-
tervention not only prevents further bone degradation but also
aids in restoring bone density and strength. The mechanism of ac-
tion of SAL provides a targeted therapeutic strategy to address
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bone diseases by focusing on the fundamental cause of bone loss.
This approach may lead to more effective osteoporosis treat-
ments, potentially reducing fracture rates and improving the
quality of life for patients with bone conditions.

5. Conclusion

Our findings substantiate that RANKL serves as a down-
stream target gene of HIF-1a in osteoblasts. SAL demonstrates
significant efficacy in mitigating bone tissue hypoxia and attenu-
ating bone loss in LPS-induced osteolysis through the HIF-
1la/RANKL, VEGF, IL-6, and ANGPTL4 signaling pathways.
Moreover, SAL exhibits inhibitory effects on osteoclast differenti-
ation and function by modulating osteoblast paracrine secretion.
These results underscore the therapeutic potential of SAL in pre-
venting bone loss through the inhibition of osteoclastogenesis via
the HIF-1a pathway.
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