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Background: Cinobufagin, the primary active compound in toad venom, is commonly used for anti-tumor, anti-inflammatory, and
analgesic purposes. However, its specific bone-protective effects remain uncertain. This research aims to ascertain the bone-protective
properties of cinobufagin and investigate underlying mechanisms.

Methods: Mice were ovariectomized to establish an osteoporosis model, followed by intraperitoneal injections of cinobufagin and
cinobufagin-treated RAW.264.7-derived exosomes for therapy. MicroCT, HE staining, and TRAP staining were employed to evaluate
bone mass and therapeutic outcomes, while mRNA sequencing and immunoblotting were utilized to assess markers of bone
metabolism, inflammation, and lipid peroxidation. Osteoblast and osteoclast precursor cells were differentiated to observe the impact
of cinobufagin-treated exosomes derived from RAW264.7 cells on bone metabolism. Exosomes characteristics were studied using
transmission electron microscopy and particle size analysis, and miRNA binding targets in exosomes were determined by luciferase
reporting.

Results: In ovariectomized mice, cinobufagin and cinobufagin-treated exosomes from RAW264.7 cells increased trabecular bone
density and mass in the femur, while also decreasing inflammation and lipid peroxidation. The effect was reversed by an exosomes
inhibitor. In vitro experiments revealed that cinobufagin-treated exosomes from RAW264.7 cells enhanced osteogenic and suppressed
osteoclast differentiation, possibly linked to Upregulated miR-3102-5p in RAW-derived exosomes. MiR-3102-5p targets the 3'UTR
region of alox15, thereby suppressing its expression and reducing the lipid peroxidation process in osteoblasts.

Conclusion: Overall, this study clarified cinobufagin’s bone-protective effects and revealed that cinobufagin can enhance the delivery
of miR-3102-5p targeting alox15 through macrophage-derived exosomes, demonstrating anti-lipid peroxidation and anti-inflammatory
effects.
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Introduction
Osteoporosis is a chronic metabolic bone disease characterized by chronic loss of trabecular bone as well as increased

susceptibility to bone fracture and influenced by factors like menopause, aging, and tumors.'** Tumor-induced bone mass

International Journal of Nanomedicine 2024:19 10497-10512 10497
Received: 22 June 2024 © 2024 Geng et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 10 October 2024 A and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creati li /by-nc/3.0/). By accessing the work

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press lelted provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Published: 18 October 2024


http://orcid.org/0000-0002-6596-8456
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Geng et al Dove

Graphical Abstract

_ \
i GPX4/SOD  J---»{  OCN \
S N

A d

= Alox15 N
miR“3102-5p . Lt \/
IL-1B/TNF-a/IL-6 )=--% RANKL //

\,

[y

< /
“ . _— PE)
S . ( _—
i . . b S~— S MC3T3 __—
Cinobufagin . § N —— ) _—
; 5 5 / _—

&

Inflammation

~o -
.....

reduction is commonly linked to either the primary disease itself or treatments like bone metastasis, glucocorticoid
therapy, hormone deprivation therapy, and chemotherapy-induced ovarian failure, all contributing to bone loss.”>
However, the focus on tumor-targeting therapies often overlooks the significant impact of heightened fracture risks on
patients’ quality of life. Therefore, the exploration of anti-tumor drugs with potential bone-protective properties is crucial
for enhancing patients’ well-being, particularly those with hematologic systems or bone tumors. The underlying
mechanism of osteoporosis stems from the imbalance between bone formation regulated by osteoblasts and bone
resorption controlled by osteoclasts.® The tumor-mediated microenvironment can directly or indirectly generate numer-
ous inflammatory factors such as IL-6 and TNF, which not only facilitate tumor survival and metastasis but also stimulate
osteoclast activity by engaging the RANKL/RANK signaling pathway.” Prolonged chronic inflammation triggers reactive
oxygen species build-up, prompting osteoblast apoptosis and subsequent bone loss.® Consequently, mitigating chronic
inflammation and oxidative stress is fundamental in disrupting the tumor microenvironment and managing bone loss.

Currently, natural products serve as a primary reservoir of active pharmaceutical ingredients and stand as pivotal
avenues for drug development.”'® Cinobufagin, an extract derived from the skin and parotid glands of toads, harbors
a key active component extensively utilized in clinical settings for its anti-tumor, anti-inflammatory, and analgesic
properties.'""'? Research indicates that multiple myeloma severity manifests in heightened osteoclast formation, escalated
bone resorption, and diminished bone formation,'® whereas Cinobufagin exhibits the potential to induce apoptosis in
multiple myeloma cells through the activation of the ERK, JNK, and p38MAPK pathways.'* Furthermore, Cinobufagin
demonstrates the ability to curb inflammatory responses and bone cancer-induced pain sensitization by elevating the
IL10/B-endorphin signaling pathway.'* Although the anti-tumor prowess of Cinobufagin is well-established, its specific
impact on bone metabolism remains ambiguous. Thus, elucidating the bone-protective attributes of Cinobufagin for
individuals battling cancer is imperative.

Exosomes, ranging in size from approximately 40—150nm, are secreted by diverse cells to facilitate intercellular
communication through the carriage of bioactive substances such as RNA, DNA, proteins, lipids, and metabolites.'>!¢
These vesicles play crucial roles in the initiation and advancement of various cancers, orchestrating processes like bone
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metastasis, tumor microenvironment remodeling, angiogenesis, invasion, metastasis, and resistance to treatment.'”!°

Specifically, exosomes originating from bone tumors can trigger osteoclast differentiation by targeting COL1A1 with
transferred miRNA-92a-1-5p while concurrently impeding osteoblast differentiation.”’ Furthermore, these vesicles are
implicated in promoting estrogen receptor-positive breast cancer bone metastasis by cooperatively transferring miR-19a
and IBSP.?! Cross-talk via exosomes among bone cells significantly impacts the regulation of bone metabolism. For
instance, exosomes released from bone marrow mesenchymal stem cells modulate the Wnt pathway by targeting WIF1
and SMAD?7 through delivered miR-424-5p and miR-21 to suppress bone formation.”*** Additionally, exosomes
transferred from bone marrow mesenchymal stem cells to osteoclasts release miR-143/145, targeting Cd226 and
Srgap2, thereby enhancing osteoclast activity. Notably, osteoclasts derived from bone marrow monocytes secrete
exosomes containing miR-324, which foster osteoblast differentiation in bone marrow mesenchymal stem cells.”*

Recent investigations highlight the immunomodulatory impact of Cinobufagin on monocytes,*’

indicating that macro-
phage-derived exosomes (RAW-Exos) could serve as effective carriers for immunomodulation,”® delivering active
components to instigate anti-inflammatory responses and potentially elucidating the bone-protective properties of

Cinobufagin.*”*

29,30

Upon our existing advancements, this study investigates the potential effects of cinobufagin on osteoporosis using

the classical ovariectomy model, aiming to uncover its underlying mechanisms through exosomes exploration.

Methods

Animal Model Construction and Intervention

The animal model was established based on a previously published method.*'~*? Briefly, 50 female C57BL/6 mice, aged
6-8 weeks, were procured from the Experimental Animal Center of Shanghai University of Traditional Chinese
Medicine. These mice were randomly allocated into 5 groups, each group consisting of 10 mice. In the control group
(Con), the periovarian fat tissue of the mice was excised, while in the other groups, both ovaries were surgically
removed. Subsequently, two weeks post-ovariectomy, the model group (OVX) received intraperitoneal injections of PBS
solution (200 uL) thrice a week for 8 weeks. The treatment group (Cinobufagin) was administered intraperitoneal
injections of Cinobufagin (7.5 mg/kg) thrice a week for 8 weeks. The exosomes inhibitor group (Cinobufagin-GW4869)
received intraperitoneal injections of Cinobufagin (7.5 mg/kg) thrice a week for 8 weeks, with a pre-treatment injection
of the exosomes inhibitor GW4869 (2.5 ng/g). Lastly, the exosomes group (RAW-Exos) was intraperitoneally injected
with RAW264.7 cell-derived exosomes treated with Cinobufagin (I pM) (100 pg/mouse) thrice a week for 8 weeks. 4
mice were used for transcriptome sequencing, with 1 designated as a supplementary quality control measure. 3 mice for
microCT and pathological examinations, and 3 mice for molecular biology analyses. All procedures were approved by
the Ethics Committee of Shanghai University of Traditional Chinese Medicine (Approval No.:
PZSHUTCM2305150001). All experimental procedures were strictly performed according to the Guidelines for
Ethical Review of Laboratory Animal Welfare in China (GB/T3589-2018).

Bone Microarchitecture Analysis

Mouse femurs were fixed in 4% paraformaldehyde for 48 hours and scanned using a Quantum GX2 (PerkinElmer)
micro-CT scanner at 90 kV, 88 pA, 18 FOV, and 36 VoxeSize for high-resolution scanning over 14 minutes. A total of 50
slices were selected from the distal to the proximal end of the femur for 3D reconstruction, visualized in coronal, sagittal,
and transverse planes. The bone microarchitecture analysis comprised the evaluation of bone mineral density (BMD),
bone volume (BV), bone volume fraction (BV/TV), bone surface area to bone volume ratio (BS/TV), trabecular number
(Tb.N), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), cortical bone thickness (Ct.Th), and cortical bone
area fraction (Ct.Ar/Tt.Ar).

Enzyme-Linked Immunosorbent Assay (ELISA) for Serum PINP and B-CTX Levels

Serum PINP and B-CTX are sensitive indicators of bone metabolism, where PINP signifies bone resorption and B-CTX
denotes bone formation. Serum PINP and B-CTX levels were measured using ELISA following the manufacturer’s
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instructions (YS-MY3126, Y-S Biotechnology). Briefly, serum samples were dispensed into enzyme-labeled plates and
incubated at 37°C for 30 minutes, followed by rigorous washing steps. Then, the reaction reagent was added and
incubated for another 30 minutes at 37°C, followed by thorough washing. Subsequently, the color development solution
was added and left to incubate at 37°C for 10 minutes before measuring the optical density (OD) value using a microplate
reader.

Exosomes Tracking

In accordance with the manufacturer’s instructions, Exosomes were labeled with DiD-Red, featuring an excitation
wavelength of 644 nm and an emission wavelength of 665 nm. In vivo, after intraperitoneal injection of RAW-Exos
for 24 hours, the main organs of the mice were imaged in fluorescent mode using an excitation wavelength of 640nm
(IVIS Spectrum, PerkinElmer).

HE Staining

The femur sample was initially fixed in 4% paraformaldehyde for 48 hours, then decalcified in an EDTA decalci-
fication solution (G1105, Servicebio) for a duration of three weeks. Following fixation and decalcification, the
sample underwent dehydration, paraffin embedding, and sectioning. The sections were deparaffinized in xylene,
dehydrated in an ethanol gradient, stained with hematoxylin at room temperature for 5 minutes, differentiated in 1%
hydrochloric acid ethanol for 30 seconds, counterstained with alkaline ammonia solution for 1 minute, rinsed with
distilled water for 5 minutes, stained with eosin at room temperature for 2 minutes, rinsed again with distilled water
for 2 minutes, dehydrated in an ethanol gradient, permeabilized in xylene for 2 minutes, and ultimately sealed with
neutral resin.

TRAP Staining

In summary, bone tissue or cells were fixed using 4% paraformaldehyde following the manufacturer’s protocol,
thoroughly washed, and subsequently incubated in TRAP staining solution (G1050, Servicebio) at 37°C for a period
of 30 minutes. Osteoclasts in bone tissue are identified as red cells, while in cell staining, the presence of three or more
nuclei signifies mature osteoclasts.

MDA Content Detection
Following the extraction of total protein from bone tissue or cells using RIPA buffer, it is essential to adhere to the
manufacturer’s guidelines for quantifying both protein concentration and MDA (S0131, Beyotime Biotechnology) levels.

Cell Culture and Exosomes Extraction

RAW264.7 cells (2x10° cells per well in a 96-well plate) were cultured in DMEM supplemented with 10% FBS and
different concentrations of cinobufagin (0, 1, 10, 100, 150, 200 uM) for 24 hours. Cell viability was assessed using the
CCK-8 assay (RM02823, abclonal). RAW?264.7 cells were co-cultured with cinobufagin (1 pM), and exosomes extrac-
tion was carried out using the culture medium. The culture medium underwent initial centrifugation at 500xg for
10 minutes to eliminate cell debris and apoptotic bodies. Subsequent centrifugation at 16,500xg for 20 minutes was
performed to harvest microvesicles. The resulting supernatant was filtered through a 0.22 pm filter (Merck Millipore) to
remove proteins and debris. Exosomes were then isolated by ultracentrifugation at 118,000xg for 70 minutes. The
exosomes, labeled with DiO-green (C1038, Beyotime Biotechnology) or DID-red (c1039, Beyotime Biotechnology),
were resuspended in PBS and underwent final centrifugation at 118,000%g for 70 minutes. All cells originate from the
Chinese Academy of Sciences Cell Center.

Transmission Electron Microscopy

A volume of 10 pL of exosomes solution was applied onto a copper grid and left to adsorb for 10 minutes. Following
this, the grid was treated with a phosphotungstic acid staining solution for 2 minutes. Once air-dried, images were
captured using an 80 kV high-contrast mode electron microscope.
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Particle Size Analysis
Exosomes particle size was measured with a Nanoparticle Tracking Analysis (ZetaView, Particle Metrix) following the
manufacturer’s guidelines.

Differentiation and Staining of RAW264.7 Cells

RAW264.7 cells were cultured in o-MEM supplemented with 10% FBS and 50 ng/mL RANKL for 7 days, treated with
either PBS or RAW-Exos (100 pg/mL), and underwent medium changes every 2—-3 days. Subsequently, the cells were
fixed with 4% paraformaldehyde after being washed once with PBS. To identify osteoclasts, TRAP staining was
performed following the manufacturer’s instructions, identifying cells with three or more nuclei and positive TRAP
staining as osteoclasts. Levels of intracellular reactive oxygen species were quantified by measuring the intensity of DCF
fluorescence according to the manufacturer’s guidelines.

Differentiation and ALP Activity Detection of MC3T3 Cells

MC3T3 cells were seeded at a density of 1x10* cells per well in a 96-well plate and cultured in a-MEM supplemented
with 10% FBS, 0.05 mg/mL L-ascorbic acid, and 1.08 mg/mL Glycerol B phosphate disodium salt hydrate for 7 days,
treated with either PBS or RAW-Exos (100 pg/mL), and subjected to medium changes every 2—3 days. Following the
removal of the medium, the cells were fixed with 4% paraformaldehyde after being washed with PBS. ALP activity was
assessed using the BCIP/NBT alkaline phosphatase assay kit and quantified using the alkaline phosphatase detection Kkit.

High-Throughput Transcriptome Sequencing and Analysis

The study was outsourced to Megagen Biosciences (China) for high-throughput transcriptome sequencing. Initially, total
RNA extraction was conducted using QIAzol Lysis Reagent (Qiagen), followed by an assessment of RNA concentration
and purity via Nanodrop 2000. RNA integrity was evaluated through agarose gel electrophoresis, and the RQN value was
determined using Agilent 5300. Single library construction necessitated 1 pg of total RNA, a concentration of > 30 ng/
puL, RQN value > 6.5, and an OD260/280 ratio between 1.8 and 2.2. Oligo(dT)-coated magnetic beads were employed to
pair with polyA for A-T base pairing to isolate mRNA from total RNA and subsequently fragment it. The mRNA
underwent reverse transcription to cDNA, followed by adapter ligation and fragment selection for library construction
(Illumina). Quality control of the sequenced data was executed using fastp software, and alignment of raw data to
a reference gene allowed for the identification of differentially expressed genes, with selection criteria of False Discovery
Rate (FDR) < 0.05 and [log2FC| > 1. Subsequently, differential genes were annotated based on their involvement in
Biological Process (BP), Cellular Component (CC), and Molecular Function (MF) using Gene Ontology (GO) annota-
tion. Further classification based on the pathways or functions was achieved through the KEGG database for the
annotated differentially expressed genes.

Total RNA Isolation and Real-Time PCR

Total RNA was extracted from osteoblasts or osteoclasts utilizing a lysis buffer, and subsequent reverse transcription was
performed following the manufacturer’s protocol. Similarly, miRNA extraction from exosomes was achieved using
a lysis buffer, followed by reverse transcription according to the manufacturer’s guidelines. Real-time PCR analysis was
conducted utilizing SYBR Green and specific primer pairs for the desired genes. The relative gene expression levels were
quantified utilizing the comparative threshold method and normalized to B-actin or U6 reference genes. The primer
sequences are provided below:

B-actin-f 5’GGCTGTATTCCCCTCCATCG3', B-actin-r 5’CCAGTTGGTAACAATGCCATGT3';

ocn-f SSGAGGACCATCTTTCTGCTCACT3’, ocn-r SSCGGAGTCTGTTCACTACCTTATTG3';

opg-f 5’CCTTGCCCTGACCACTCTTAT3', opg-r 5’CACACACTCGGTTGTGGGT3"

runx2-f GCCGGGAA TGA TGAGAACTA3', runx2-r 5GGTGAAACTCTTGCCTCGTC3';

rankl-f 5’CGCTCTGTTCCTGTACTTTCG3', rankl-r 5’GAGTCCTGCAAATCTGCGTT3";

i16-f 5’CTGCAAGAGACTTCCATCCAG3/, il6-r 5’AGTGGTATAGACAGGTCTGTTGG3';
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114-f 5" ATCATCGGCATTTTGAACGAGG3', il4-r 5" TGCAGCTCCATGAGAACACTA3';
tnfa-f 5" CCTGTAGCCCACGTCGTAG3', tnfa-r 5’GGGAGTAGACAAGGTACAACCC3',
il1B-f 5" GAAATGCCACCTTTTGACAGTG3, takl-r 5" TGGATGCTCTCATCAGGACAG3';
U6 5'GCGCTCGCTTCGGCAGCACA;

mmu-miR-124-5p 5"GCCGGCACAGCGGACCGA3Z';
mmu-miR-298-5p 5’GGCAGAGGAGGGCTGTTCTTCC3';
mmu-miR-23a-5p 5’GGGGTCCTGGGGGATGGGATTT3';
mmu-miR-26b-3p S’GCCCTGTTCTCCCATTACTTGGCTC3';
mmu-miR-342-5p 5’GCCAGGGGTGCTATCTGTGATTGAG3';
mmu-miR-379-5p 5’GCGCTGGTAGACTATGGAACGTAGG3';
mmu-miR-470-5p S’GCTTCTTGGACTGGCACTGGTGAGT3';
mmu-miR-744-5p 5’GTGCGGGGCTAGGGCTAACAGCAZ;
mmu-miR-762 5'GGGGCTGGGGCCGGGACAZ';
mmu-miR-1193-3p 5’GCGCTAGGTCACCCGTTTTACTATC3";
mmu-miR-1198-5p 5'GCTATGTGTTCCTGGCTGGCTTGG3';
mmu-miR-3076-3p 5'CGCACTCTGGTCTTCCCTTGCAG3';
mmu-miR-3090-5p 5'GTCTGGGTGGGGCCTGAGATC3';
mmu-miR-3102-5p 5’GTGAGTGGCCAGGGTGGGG3';
mmu-miR-5134-5p 5’GCTTGGCAGAAAGGGCAGCTGTG3';
mmu-miR-5626-3p 5’GCCCAGCAGTTGAGTGATGTGACAC3';
mmu-miR-6401 5’GCTTACACTCCAGTGGTGTCGGGT3';
mmu-miR-6538 5'CGCGGGCTCCGGGGCGATA3';
mmu-miR-6912-5p 5’GTACAGGGAGGGTGCTCAGGCAZ';
mmu-miR-6960-5p 5’GCCCAGGATGAGAAGAGTTTGGCTG3';
mmu-miR-6983-5p 5’GCCTTGGAAGGGCATACTGATTCGG3';
mmu-miR-6996-5p 5’GCTGCACAGGACAGAGCACAGTC3';
mmu-miR-7003-3p 5'GCCCCGGGTTTTCCCCACAG3';
mmu-miR-7018-3p 5’GTCACCCTGCTGCCGGCTTG3';
mmu-miR-7027-5p 5’GCCTGGAAAGGAAGAAACAGCAGAGC3;
mmu-miR-7028-5p 5'GTGGGCTGAGGCTTGGGTCAG3';
mmu-miR-7083-5p 5'GTCGGGGCTGGACAAGCAGAGA3Z';
mmu-miR-7683-3p 5’GCCTGGAAAGGTGGAACACGGAAC3';
mmu-miR-7686-5p 5’"CCTTCCACTGGACCTGGGGCT3";
mmu-miR-7687-5p 5’GAGGCGGGGAACCTGAGGC3';
mmu-miR-8100 5’CAGGAGGAAAGGGAGCAAGCAGGT3;
mmu-miR-9768-5p 5'GTGGCACTCGGAGGACGGCAZ';

Western Blot Detection

Protein detection using Western blot analysis involved lysing cells or tissues with lysis buffer to extract total proteins, which were
then separated by 12% SDS-PAGE and transferred onto a polyvinylidene fluoride membrane. Subsequent procedures included
blocking with skim milk, incubation with primary and secondary antibodies, and visualization of immunoreactivity using an
enhanced chemiluminescence detection kit. The antibodies used in this study were B-ACTIN (4967, CST), OCN (59757, CST),
RANKL (A13382, abclonal), CTSK (A5871, abclonal), ALOX15 (A22908, abclonal), CD9 (A19027, abclonal), CD63
(A19023, abclonal), TSG101 (A2216, abclonal), CALNEXIN (A4846, abclonal), anti-mouse IgG (7076, CST), anti-rabbit
IgG (7074, CST).
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Fluorescent Reporter Gene

The fluorescent reporter gene assay was conducted following a previously documented procedure (34180104). Briefly,
mc3t3 cells were plated in a 96-well plate at a density of 1*104 cells per well and transfected with miR-3102-5p-mimics
oligoribonucleotides (5'GTGAGTGGCCAGGGTGGGGCTG3’) or miR-3102-5p-mut oligoribonucleotides (5’
GTGAGCACTCGCGGUGGGGCUG3') in combination with either PGL6 or PGL6-alox15 plasmids using
Lipofectamine 3000. The fluorescent reporter enzyme activity was assessed after 48 hours following the guidelines
provided by the manufacturer (RG042S, Beyotime).

Statistical Analysis

Each experiment was conducted a minimum of three times. The data are presented as the mean + standard deviation and
analyzed using one-way analysis of variance (ANOVA) or Student’s ¢-test when suitable Significance was determined at
a P-value of less than 0.05.

Results

Cinobufagin Effectively Increases Bone Mass in Ovariectomized (OVX) Mice

An osteoporosis model was induced through ovariectomy in mice (Figure 1A), revealing uterine atrophy and reduced
diameter in OVX mice upon macroscopic observation (Figure S1A and B). Histological examination using hematoxylin
and eosin (HE) staining displayed features such as loose uterine tissue, increased cell spaces, nuclear condensation, and
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Ovariectomy (4mag/kg, 200ul, three times per week)
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Figure | Cinobufagin effectively increases bone mass in ovariectomized (OVX) mice. (A) Construction and intervention of ovariectomized mouse model. (B) Three-
dimensional reconstruction of the femur. (C—1). Bone parameters (*P<0.05, **P<0.01, N=3). Bone mineral density: BMD (C), bone volume: BV (D), bone volume fraction:
BV/TV (E), bone surface density: BS/TV (F), trabecular number: Tb.N (G), trabecular thickness: Tb.Th (H), trabecular separation: Tb.Sp (I). (J) Serum C-telopeptide of type
| collagen (B-CTX) concentration (*P<0.05, **P<0.01, ****P<0.0001, N=3). (K) Serum Procollagen type | amino-terminal propeptide (PINP) concentration (***P<0.001,
*#¥¥P<0.0001, N=3).
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apoptosis in OVX mice (Figure S1C). Microcomputed tomography (MicroCT) scanning and reconstruction of the distal
femur in mice exhibited a significant decrease in trabecular bone mineral density in OVX mice, with a moderate increase
following Cinobufagin treatment (Figure 1B and C). Analysis of bone parameters indicated a marked reduction in bone
volume (BV), bone volume fraction (BV/TV), bone surface density (BS/TV), trabecular number (Tb.N), trabecular
thickness (Tb.Th), cortical thickness (Ct.Th), cortical area to total area ratio (Ct.Ar/Tt.Ar), and a significant increase in
trabecular separation (Tb.Sp) in OVX mice, all of which were restored with Cinobufagin treatment (Figure 1D-I).
Furthermore, Cinobufagin elevated the concentration of the serum bone formation marker PINP and reduced the levels
of the bone resorption marker B-CTX (Figure 1J and K). In conclusion, Cinobufagin effectively enhances bone mass in
OVX mice.

Cinobufagin Exhibits Anti-Inflammatory and Lipid Oxidation Inhibitory Effects in OVX
Mice

HE staining revealed a significant increase in trabecular bone mass in OVX mice treated with Cinobufagin, accompanied
by inhibited inflammatory infiltration (Figure 2A). Tartrate-resistant acid phosphatase (TRAP) staining illustrated the
inhibition of osteoclast activity in trabecular bone by Cinobufagin (Figure 2B). Subsequently, RNA-sequencing tran-
scriptome analysis was conducted on femoral tissues from the OVX and Cinobufagin group. The RNA-seq results
identified 856 significantly altered genes in the Cinobufagin group, including 542 upregulated and 314 downregulated
genes (Figure 2C). The top 200 upregulated and downregulated genes underwent Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses. GO analysis revealed enrichment in biological processes are
phagocytosis, plasma membrane invagination and membrane invagination, molecular functions are immunoglobulin
receptor binding and antigen binding, and cellular components are immunoglobulin complex (Figure 2D-F). KEGG
analysis highlighted linoleic acid metabolism as a uniquely enriched pathway, closely linked to ALOX15 (Figure 2G).
Assessment of the lipid oxidation product malondialdehyde (MDA) content showed a significant decrease in the femurs
of OVX mice treated with Cinobufagin (Figure 2H). Quantitative polymerase chain reaction (qQPCR) analysis demon-
strated that Cinobufagin upregulated the expression of bone formation genes Ocn and Opg (Figure 2I and J), down-
regulated bone resorption gene Rankl and pro-inflammatory genes il1p and il6 expression (Figure 2K—M), and increased
the expression of anti-inflammatory genes il4 and il10 (Figure 2N and O). Western blot analysis indicated that
Cinobufagin notably reduced the expression of key proteins involved in bone resorption (CTSK, Rankl) and lipid
oxidation (ALOX15) while enhancing the expression of bone formation protein Ocn (Figure 2P and Q). Therefore,
cinobufagin may regulate bone metabolism by inhibiting inflammation and lipid peroxidation.

The Therapeutic Efficacy of Cinobufagin is Closely Related to Exosomes (EXOs)

Given the regulatory role of exosomes in bone metabolism, we hypothesize that cinobufagin may inhibit bone loss by
regulating exosomes. Hence prior to administering Cinobufagin, ovariectomized (OVX) mice were subjected to treatment
with the exosomes inhibitor GW4869. Microcomputed tomography (MicroCT) imaging revealed that GW4869 reversed the
therapeutic benefits of Cinobufagin (Figure 1B). Mice in the GW4869 group displayed a notable reduction in bone mass, with
bone parameter assessments demonstrating significant decreases in BMD, BV/TV, Tb.N, Tb.Th (Figure 1C, E, G and H). HE
staining and tartrate-resistant acid phosphatase (TRAP) results indicated that GW4869 hindered the anti-inflammatory, bone
formation-enhancing, and anti-bone resorptive effects of Cinobufagin (Figure 2A and B). ELISA findings demonstrated
a decrease in serum PINP and an increase in B-CTX levels in the GW4869 group (Figure 1J and K), further supporting the
notion that the exosomes inhibitor GW4869 countered the therapeutic properties of Cinobufagin. Given the potent anti-
inflammatory properties of Cinobufagin, we postulated that Cinobufagin might influence the composition of exosomes
released from monocytes to exert its effects. Intervention with various concentrations of Cinobufagin on RAW264.7 cells
resulted in a notable increase in cell activity based on Cell Counting Kit-8 (CCKS) results (Figure 3A and B). Quantitative
polymerase chain reaction (qQPCR) analysis revealed that Cinobufagin significantly suppressed the expression of pro-
inflammatory genes IL1, IL6 and TNFa (Figure 3C—E). Subsequently, exosomes derived from RAW264.7 cells were isolated,
with protein quantification indicating a substantial elevation in protein concentration of RAW-Exos (Figure 3F). Electron
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Figure 2 Cinobufagin exhibits anti-inflammatory and lipid oxidation inhibitory effects in OVX mice. (A) Hematoxylin and Eosin (HE) staining of the femur. (B) Tartrate-
resistant acid phosphatase (TRAP) staining of the femur. (C) Volcano plot of genes. (D—F) Gene Ontology (GO) analysis. D. Biological processes (BP). E. Molecular functions
(MF). F. cellular components (CC). (G) KEGG pathway analysis. (H) Malondialdehyde (MDA) content in the femur (**P<0.01, ***P<0.001, N=3). (I-O) mRNA expression
level (*P<0.05, **P<0.01, **P<0.001, ****P<0.0001, N=3). mRNA expression level of Osteocalcin (OCN) in the femur (I). mRNA expression level of OPG
(Osteoprotegerin) in the femur (J). mRNA expression level of Receptor activator of nuclear factor kappa-B ligand (Rankl) in the femur (K). mRNA expression level of
Interleukin- 1 beta (IL-1pB) in the femur (L). mRNA expression level of Interleukin-6 (IL-6) in the femur (M). mRNA expression level of Interleukin-4 beta (IL-4) in the femur
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microscopy imaging demonstrated that RAW-Exos exhibited a rounded shape, with particle sizes ranging from 50-200 nm
(Figure 3G and H). Western blot analysis confirmed positive expression of exosomal marker proteins CD9, CD63 and
TSG101 and negative expression of the exosomal control protein calnexin (Figure 31). To investigate the impact of RAW-Exos
on bone resorption, RAW-Exos were co-cultured with the osteoclast cell line RAW264.7, leading to significant internalization
of a substantial quantity of RAW-Exos by RAW264.7 cells (Figure 3J). Functional assays showed that RAW-Exos notably
inhibited the formation of TRAP+ osteoclasts and the production of reactive oxygen species (Figure 3K, Figure S2A and C).
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examination of the morphology of RAW-EXOs. (H) Particle size of RAW-Exos. (I) Expression of CD9, CD63, TSG101, and CALNEXIN proteins in the RAW-Exos. (J and K)
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osteoclasts (**P<0.01, N=3). (L and M) Osteoblast ALP activity (****P<0.0001, N=3). (N) Osteoblast MDA content (**P<0.01, ***P<0.001, N=3).

Cinobufagin Suppresses the Expression of ALOXI5 in Osteoblasts by Upregulating
miR-3102-5p in RAW-Exos

RAW-Exos was co-cultured with the osteoblast cell line MC3T3, revealing a significant uptake of RAW-Exos by MC3T3
cells (Figure S2B). The induced differentiation outcomes showed that RAW-Exos notably enhanced osteoblast differentia-
tion, increased ALP activity, and reduced the production of the lipid oxidation product MDA (Figure 3L—N). Gene
expression analysis via qPCR indicated that RAW-Exos notably upregulated the expression of Ocn and Runx2 while
downregulating Rankl, TNFa and IL6 (Figure 4A—E). Western blot analysis demonstrated that RAW-Exos significantly
elevated the levels of Ocn and antioxidant proteins SOD and GPX4 (Figure 4F). Notably, RAW-Exos exhibited the ability to
downregulate the expression of the critical lipid oxidation protein ALOX15. To investigate the mechanism behind RAW-
Exos’s suppression of lipid oxidation, bioinformatics tools were employed, predicting miRNAs regulating ALOX15. The
findings suggested that 32 miRNAs could bind to ALOX15 to modulate its expression (Figure 4G). Validation through gPCR
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Figure 4 RAW-exos suppress the expression of Arachidonate |5-lipoxygenase in osteoblasts by carrying miR-3102-5p. (A—E) mRNA expression level (**P<0.01,
#¥P<0.001, ****P<0.0001, N=3). mRNA expression level of Osteocalcin (Ocn) in osteoblasts (A). mRNA expression level of Runt-related transcription factor 2
(Runx2) in osteoblasts (B). mMRNA expression level of Receptor activator of nuclear factor kappa-B ligand (Rankl) in osteoblasts (C). mRNA expression level of Tumor
necrosis factor-alpha (TNF-a) in osteoblasts (D). mRNA expression level of Interleukin-6 (IL-6) in osteoblasts (E). (F) Expression of ALOXI5, SOD, GPX4, and OCN
proteins in osteoblast. (G) Bioinformatics prediction of miRNAs binding to ALOX |5 by TargetScan data(http://www.targetscan.org/) and miRWalk data (http://mirwalk.umm.
uni-heidelberg.de/). (H-J) miRNA expression level of RAW-Exos (**P<0.01, N=3). (K) Binding site of miR-3102-5p, miR-7638-3p and Arachidonate |5-lipoxygenase
(alox15). (L) Firefly luciferase reporter gene assay to detect the binding activity between miR-3102-5p and alox!5 (*P<0.05, N=3).

identified high levels of miR-3102-5p and miR-7683-3p in RAW-Exos, with miR-3102-5p displaying the most potential in
regulating ALOX15 through an 8-mer binding site sequence 5'-CCACUCAA-3’ on the ALOX15 gene (Figure 4H-K).
Luciferase reporter gene assays indicated a significant reduction in fluorescence intensity in plasmids containing ALOX15
when targeted by miR-3102-5p (Figure 4L). Hence, these results suggest that miR-3102-5p in RAW-Exos can enhance
osteogenic differentiation by suppressing ALOX15 expression, thereby inhibiting lipid oxidation.

The Bone Protective Effect of RAW-Exos on OVX Mice
To further validate the bone-protective effect of RAW-Exos, OVX mice were treated with RAW-Exos. MicroCT analysis
revealed a significant increase in BMD in OVX mice administered RAW-Exos (Figure SA and B). Assessment of bone
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parameters showed notable improvements in BV, BV/TV, BS/TV, Tb.N, Tb.Th, Ct.Th, Ct.Ar/Tt.Ar, along with a decrease
in Tb.Sp in OVX mice following RAW-Exos treatment (Figure 5C-J). The body interior tracking display shows that
RAW-Exos can be enriched in the trabecular bone of the femur (Figure S3). Histological evaluation through HE staining
and TRAP staining indicated a significant enhancement in trabecular bone mass and a reduction in the number of TRAP+
osteoclasts due to RAW-Exos treatment (Figure 5K and L). ELISA results exhibited that RAW-Exos led to an elevation
in serum P1NP levels and a decrease in f-CTX in OVX mice (Figure 5M and N). Furthermore, RAW-Exos reduces MDA
content in the femur of OVX mice (Figure 50), suggesting that RAW-Exos serves as a key mediator for Cinobufagin in
regulating bone metabolism and treating OVX mice.

Discussion

This study demonstrated the bone-protective effect of Cinobufagin and revealed its mechanism of action in altering bone
metabolism by influencing the content of macrophage-derived exosomes. Toad venom, a natural product commonly used
in clinical cancer treatment in East Asian countries,>” contains Cinobufagin as one of its primary active compounds with
well-documented anti-tumor properties.''* Interestingly, while Cinobufagin exhibits a high IC50 in osteoblasts com-
pared to tumor cells,”” indicating potential bone-protective qualities, its specific impact on bone metabolism has
remained unclear. To investigate this, we induced simulated bone loss in ovariectomized mice and observed that
Cinobufagin effectively restored trabecular bone mass in these mice and regulated abnormal markers of serum bone
metabolism. Additionally, Cinobufagin was found to enhance the secretion of osteocalcin (OCN), decrease the secretion
of receptor activator of nuclear factor-«B ligand (RANKL), and reduce the expression of cathepsin K (CTSK), a marker
of bone-resorbing osteoclasts. Moreover, Cinobufagin demonstrated inhibitory effects on lipid peroxidation and the
inflammatory state within the bones of ovariectomized mice, further supporting its bone-protective properties. Given that
chronic inflammation and oxidative stress play crucial roles in bone loss pathology,*®>” further research is warranted to
elucidate the precise molecular mechanisms through which Cinobufagin modulates these processes.

In the normal course of bone metabolism, various cell types such as osteoblasts, osteoclasts, adipocytes, immune
cells, and muscle cells release exosomes that play a crucial role in regulating bone resorption and formation.?*?%
These exosomes contain abundant genetic information and active substances, and any alterations in their contents can
contribute to the development of osteoporosis.*'** In individuals with osteoporosis, exosomes derived from bone
marrow mesenchymal stem cells carrying microRNAs like miR-21, miR-424-5p, and miR-143/145 suppress osteogenic
activity while enhancing osteoclastic activity.”>**** Consequently, modulations in exosomes composition may serve as
a vital mechanism through which cinobufagin treats osteoporosis. GW4869, a non-competitive inhibitor of neutral
sphingomyelinase (N-SMase) involved in exosomes synthesis and release, has been identified.*> Our research revealed
that GW4869 can counteract the bone-protective effects of cinobufagin, validating the significant role of exosomes in
bone metabolism, even though their origin remains uncertain. Monocytes, essential immune cells pivotal in inflammation
regulation, are also the primary precursors of osteoclasts,*®*’ differentiating into osteoclasts when exposed to M-CSF
and RANKL cytokines. Therefore, monocytes stand as critical target cells for cinobufagin in both controlling inflamma-
tion and regulating bone metabolism. Our study demonstrated that cinobufagin inhibits the expression of inflammatory
mediators in monocytes. Following intervention with cinobufagin, we isolated exosomes from monocytes, revealing disc-
shaped structures with an average diameter ranging from 40 to 200 nm. Co-cultivation experiments confirmed that RAW-
Exos, the isolated exosomes, are internalized by osteoblasts and osteoclasts, subsequently impeding osteoclast differ-
entiation and fostering osteoblast differentiation. These results underscore the significance of RAW-exos as a primary
target of cinobufagin in halting bone loss.

In ovariectomized (OVX) mice, inflammation is not independent, and the accumulation of reactive oxygen species
(ROS) plays a role in the process of bone loss.***’ During differentiation, osteoclasts produce ROS, which further
enhances bone resorption activity.”® When OVX mice were treated with Cinobufagin, differentially expressed genes at
the distal end of the femur showed enrichment in immune regulation and fatty acid metabolism pathways. Among these,
Alox15, a key gene regulating lipid metabolism,”" was significantly downregulated. Alox15 encodes an enzyme involved
in arachidonic acid metabolism, which in turn produces ROS in the lipid metabolism process, leading to the activation of
inflammatory responses, inhibition of osteoblastic differentiation, and promotion of osteoclastic differentiation. Thus, it is
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hypothesized that the decreased expression of Alox15 may be influenced by changes in miRNAs within RAW-Exos.
Through the prediction and validation of miRNAs that potentially regulate Alox15, it was discovered that miR-3102-5p
is highly expressed in RAW-Exos and binds to the CCACUCAA sequence in the 3'UTR region of alox15, thereby
suppressing Alox15 transcription. To confirm this finding, RAW-Exos was used as a therapeutic intervention in OVX
mice, leading to a significant increase in bone mass in the femur of OVX mice. These results indicate that Cinobufagin
may exert its bone-protective effect by modulating the expression of miRNAs in RAW-Exos.

Conclusion

In conclusion, our study has disclosed the bone-protective efficacy of Cinobufagin, a discovery of paramount importance
for the potential clinical utilization of Cinobufagin, particularly for patients with bone tumors and bone metastases.
Additionally, we have illustrated that RAW-Exos has the capability to deliver miR-3102-5p to osteoblasts, thus hindering
the transcription of Alox15, consequently counteracting the inhibitory impact of lipid peroxidation on bone formation.
Consequently, we postulate that Cinobufagin can mitigate inflammation and lipid peroxidation in OVX mice, thereby
manifesting its bone-safeguarding influence by modulating the composition of RAW-Exos.

Abbreviations

OVX, Ovariectomy; RAW-Exos, macrophage (raw264.7 cells)-derived exosomes; BMD, bone mineral density; BV, bone
volume; BV/TV, bone volume fraction; BS/TV, bone surface area to bone volume ratio; Tb.N, trabecular number; Tb.Th,
trabecular thickness; Tb.Sp, trabecular separation; Ct.Th, cortical bone thickness; Ct.Ar/Tt.Ar, cortical bone area fraction;
ROS, reactive oxygen species.
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