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Background: Infected bone defects pose a challenging clinical issue due to an imbalance of osteoclasts (OC) and osteoblasts (OB).
Exosomes are crucial for intercellular signaling of OC and OB in bone repair. Icariin, has been shown to regulate the balance between
OC and OB. However, the specific mechanisms by which icariin influences exosomes derived from osteoclasts, and subsequently
impacts osteoblast activity, remain unclear. This study aims to investigate the effects of icariin-treated osteoclast-derived exosomes
(ICA-OC-Exo) on osteoblast function and bone repair in cases of infected bone defects.

Methods: We investigated the exosome profile and localization of multivesicular bodies (MVB) and quantification of intraluminal
vesicles (ILVs) in osteoclasts by using transmission electron microscopy. Additionally, the expressions of Rab27A and MITF, which
are associated with exosome release, were determined through immunofluorescence staining and Western blot. The profiling of
exosomal miRNA expression was conducted via miRNA-sequencing. The effects of ICA-OC-Exo on osteoblast differentiation were
determined using RT-qPCR, Western blot, alkaline phosphatase staining. Additionally, ICA-OC-Exo was administered into the
localized bone defect of the infected bone rat models, and bone formation was assessed using Micro-CT.

Results: Icariin increased the presence of MVBs in the cytoplasm through modulation of the MITF/Rab27A signaling pathway,
resulting in higher number of ICA-OC-Exo compared to OC-Exo. Additionally, miR-331-3p expression in ICA-OC-Exo was found to
be elevated compared to OC-Exo. ICA-OC-Exo was observed to stimulate osteoblast function by targeting FGF23, reducing DKK1,
and subsequently upregulating ALP. In the in vivo study, ICA-OC-Exo exhibited the capacity to enhance bone healing at the site of a
local bone defect following anti-infection treatment.

Conclusion: Icariin enhanced the quantification of OC-Exo and the expression of miRNA-331-3p in OC-Exo, leading to the
regulation of osteoblast function via activation of the miRNA-331-3p/FGF23/DKK1 pathway. ICA-OC-Exo demonstrated potential
clinical applicability in bone repair of infected bone defects.

Keywords: infected bone defects, icariin, osteoclast, exosomes, osteoblast

Introduction

Infected bone defects represent a prevalent complication of traumatic orthopedic surgery, often stemming from acute
blood-borne or chronic osteomyelitis, traumatic or postoperative infections, or bone tumors." With the advancement of
the economy and transportation infrastructure, high-energy injuries related to road traffic have become increasingly
prevalent. Annually, approximately 50 million individuals suffer injuries as a result of traffic accidents or earthquakes,
contributing to a significant number of patients experiencing infected bone defects.” These defects pose a significant
challenge within the medical field due to the prolonged treatment duration, elevated costs, and high recurrence rates.>*

Current therapeutic approaches for managing infected bone defects predominantly encompass surgical debridement
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combined with the implantation of antibiotic delivery systems, generally yielding a high success rate.” Nonetheless,
approximately 20% of cases experience treatment failure despite these interventions.® Treating infected bone defects is
complicated by antimicrobial resistance, antibiotic tolerance from metabolic changes or biofilms, poor antibiotic
penetration in compromised bone, and colonization in protected bone reservoirs.”® The failure to treat infected bone
defects ultimately causing serious disability and significantly impacting their quality of life.>” Therefore, the manage-
ment of infected bone defects necessitates a focus on bone repair and reconstruction.

A comprehensive investigation into infected bone defects was undertaken through a combination of clinical and basic
research studies.'®!!" Osteoblasts (OBs) and osteoclasts (OCs) are responsible for bone formation and resorption,
respectively. These cells interact through a coupling mechanism to achieve a dynamic equilibrium, thereby maintaining
normal bone mass.'? Our team’s findings revealed a notable increase in osteoclast activity and a decrease in osteoblast
activity within bone tissue samples obtained from individuals with infected bone defects.'>'* Exosomes, a type of
extracellular vesicle ranging in size from 30 to 150 nm, were identified as carriers of various bioactive substances such as
proteins, mRNA, and microRNA (miRNA). These exosomes are released by donor cells and have the ability to impact
the biological functions of neighboring receptor cells upon entry.

Exosomes contain significant amounts of miRNAs, which are transported to receptor cells to control the translation of
target mRNA and contribute to the pathophysiological mechanisms of these cells.'”” Rab proteins control exosome
secretion by recruiting specific receptor proteins on the plasma membrane. Different Rab proteins regulate different
stages of secretion, with Rab27A promoting fusion of MVB with the plasma membrane.'® Microphthalmia-associated
transcription factor (MITF) regulates the gene expression of Rab27A, which controls melanosome distribution and
exocytosis in melanoma cells.!” This suggests that MITF/Rab27A is an important pathway regulating exosomes secretion
into the extracellular cell of osteoclasts. Previous studies showed that osteoclasts can transport miRNAs to osteoblasts via
exosomes, which enter through mechanisms like membrane fusion, endocytosis, and receptor interactions. These
exosomes release miRNAs, affecting gene expression and osteoblast function.'®2°

Recent research has shown that the sorting and packaging of miRNAs into exosomes is selective.?! Factors like
hypoxia and inflammation, as well as small molecules or traditional Chinese medicine extracts, can change the miRNA
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components in bone cell exosomes, impacting bone repair and reconstruction.*” Icariin, the principal bioactive consti-
tuent of Herba Epimedii, has been shown to suppress osteoclastogenesis in ovariectomized mice. Pharmacological
studies have further demonstrated that icariin not only enhances the osteogenic differentiation of bone marrow mesench-
ymal stem cells and increases osteoblast activity, but also inhibits osteoclast differentiation and the bone resorption
activity of mature osteoclasts.”>** In other studies, it has been demonstrated that icariin is transported by fetal bovine
serum-exosomes for the treatment of bone loss conditions.”>*® Furthermore, mesenchymal stem cells loaded with icariin-
exosomes exhibited enhanced cartilage preservation.”” Building upon previous studies, icariin demonstrates potential in
augmenting bone repair processes by modulating the interactions between osteoclasts and osteoblasts via exosome-
dependent pathways. However, the specific mechanism of icariin influence osteoclast-derived exosomes to enhance
osteoblast activity is unclear and needs further investigation.

Consequently, we hypothesize that icariin may modulate the release of characteristic exosomes and microRNAs from
osteoclasts, thereby enhancing osteoblast activity through intercellular communication between osteoclasts and osteo-
blasts, ultimately facilitating the repair of infected bone defects. To validate this hypothesis, the present study examines
the therapeutic mechanisms of exosomes derived from icariin-treated osteoclasts (ICA-OC-Exo). MiRNA sequencing
was utilized to identify highly expressed miRNAs in ICA-OC-Exo. Subsequently, ICA-OC-Exo was administered into
bone defects in rat models with bone infections following anti-infection treatment, and the efficacy of bone repair was
assessed. Our findings demonstrate the selective sorting of specific miRNAs in exosomes derived from icariin-regulated
osteoclasts, and propose a novel approach for utilizing ICA-OC-Exo in the treatment of infected bone defects. We
anticipate that ICA-OC-Exo could serve as a valuable tool for facilitating bone repair following antibiotic treatment of
infected bone defects, addressing the current lack of effective methods for promoting bone regeneration.

Materials and Methods

Cell Culture and Treatment

Bone marrow macrophages (BMMs) were obtained from the long bones of 6-week-old C57BL/6 mice. The animal study
was reviewed and approved by Animal Ethics Committee of Zhejiang Academy of Traditional Chinese Medicine, and
conformed to Laboratory Animal-Guideline for ethical review of animal welfare (GBT 35892-2018). BMMs were
cultured in a-MEM supplemented with 10% heat-inactivated fetal bovine serum, and treated with M-CSF. Osteoclasts
were generated from BMMs by plating 5x10* cells per well in 24-well or 6-well plates and culturing them in the presence
of 40 ng/mL M-CSF and 40 ng/mL purified glutathione S-transferase-RANKL as specified in individual experiments.?®
Osteoclasts were then stained for TRAP expression using a TRAP stain kit (KGA221, KEYGEN, China). The osteoclasts
were treated with icariin of concentrations at 10 pg/mL 20 pg/mL, and 40 pg/mL.

The MC3T3-El cell line, procured from the National Collection of Authenticated Cell Cultures (Shanghai, China),
was employed as a representative model of osteoblasts based on a previous study.?’ Osteoblasts utilized in the experiment
were cultured in o-MEM medium (Genomcell bio; China) supplemented with 10% fetal bovine serum. The osteoblasts
were cultured in a humidified incubator at 37°C with a gas mixture of 95% air and 5% CO,, with the culture medium
replenished every 2-3 days, and the passage four osteoblasts were used for all the cellular function tests. Upon reaching
80% confluency, the ICA-OC-Exo and OC-Exo were introduced to the osteoblasts, followed by cell harvesting, counting,
and preparation for subsequent analysis.

Electron Microscopy Investigation of MVBs in Osteoclasts

Osteoclasts were cultured on dishes, washed in PBS, and fixed in 2.5% glutaraldehyde in 0.1M phosphate buffer for 1
hour at room temperature. The cells were then gently scraped, pelleted in Eppendorf tubes, washed in PBS, and incubated
with 1% sectioned using a Leica ultramicrotome (Leica Microsystems). Ultrathin sections (50—70 nm) were stained with
2% uranyl acetate and a lead-staining solution before being observed using a transmission electron microscope (TEM)
(H-7650, HITACHI, Japan). The quantitative analysis of MVBs and ILVs was carried out using ImageJ software. For
each experiment, at least 6 MVBs were analyzed from separate cells.
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Molecular Docking

AutoDock Vina (Vina, version 1.1.2) was used to analyze the binding activity between icariin and the target MITF. The
structure of icariin was obtained from PubChem, and the MITF protein from UniProt (ID Q08874). Icariin was the ligand
and MITF was the receptor. AutodockTools were used for hydrogenation, charge checking, atomic type designation, and
building docking grids for protein structures. A conversion from the PDB format to the PDBQT format is then required.
After Vina docking, binding strength and activity are determined for MITF and icariin. In the crystal structure, the ligand
was pivotal in determining the central site of the docking grid box, which was defined by xyz dimensions of 40 A x 40 A
x 40 A. An exhaustiveness parameter of 8 was selected for ligand docking at this specified grid center. Following the
identification of the docking pocket coordinates, molecular docking and conformational scoring were performed. Lower
scores indicate greater stability of the compound’s binding to the target, offering an initial assessment of icariin’s binding
affinity to MITF. Pymol and Discovery Studio software were used for 3D and 2D force analysis and visualization.

Exosomes Isolation

To diminish the impact of exosomes in fetal bovine serum (FBS), exosomes were removed from FBS through
ultracentrifugation at 200,000 g at 4 °C for 16 hours. The resulting supernatants were then filtered through a 0.22 pum
sterile filter and combined with serum-free media to create exosome-depleted cell culture media with a 10% FBS
concentration. Cells were cultured in this exosome-depleted media until reaching 70% confluence.

Exosomes were harvested from culture supernatant by collecting cell culture media from osteoclasts and subjecting it
to sequential centrifugations in an ultracentrifuge (XPN100, Beckman Coulter, USA) to remove debris and non-exosome
vesicles. The media underwent centrifugation at 300 X g and 2000 % g for 10 minutes to eliminate dead cells and cell
debris, followed by centrifugation at 10,000 x g for 30 minutes to eliminate large vesicles. Finally, exosomes were
isolated by centrifugation at 110,000 x g for 70 minutes. The final pellets were used directly or resuspended in PBS
buffer and stored at —80 °C for following experiments.

|dentification and Characterization of Exosomes

Exosomes were examined via transmission electron microscopy (TEM) utilizing negative staining. A droplet of exosomes was
deposited onto a copper grid for duration of 1 minute, subsequently desiccated at 30 °C, and scrutinized using a TEM
instrument with an acceleration voltage of 120 kV. The concentration and size of the isolated exosomes were quantified
employing Nanoparticle Tracking Analysis (NTA). A 405 nm monochromatic laser was directed at the exosome suspension
diluted with phosphate-buffered saline (PBS). Particle motion was analyzed using NTA software, with each individual particle
being identified and tracked. Brownian motion was monitored and quantified, and the Stokes-Einstein equation was applied to
calculate the particle size based on the velocity of particle motion. This allowed for the determination of the visualized
nanoparticle diameter and relative concentration. The evaluations of the samples were conducted in triplicate. Exosomes from
various batches were collected, and their concentrations were quantified utilizing the Bicinchoninic Acid (BCA) assay.
Subsequently, an equivalent quantity of protein that is specific to exosomes was isolated through the process of electrophoresis
on a gel made of polyacrylamide and sodium dodecyl sulfate. The protein is transferred to a PVDF membrane, blocked with
5% skim milk, and incubated overnight at 4 °C with antibodies CD9, CD63, CD81, and Calnexin. The next day, a secondary
antibody is applied for 2 hours at room temperature, followed by ultra-sensitive ECL exposure and imaging.

Co-Culture of OC-EXO and Osteoblasts

In order to evaluate the impact of osteoclast-released exosomes on osteoblasts, osteoblasts were cultured in 6-well plates at a
density of 1.5x10° cells per well. Following cell attachment, the culture media was replaced with fresh media containing 20
pg/mL of osteoclast-derived exosomes, quantified using the Bicinchoninic acid (BCA) assay. Osteoblasts were seeded in a six-
well plate at a density of 5 x 10° cells/mL. Upon reaching 60% confluence, the cells were cultured in Opti-MEM (Grand Island
Biological Company, USA) and subsequently transfected with a negative control (N.C.) and miRNA-331-3p inhibitor.
Following transfection, the culture medium was replaced with fresh medium and incubated for either 24 or 48 hours at 37°
C in a 5% CO,. Subsequently, OC-Exo and ICA-OC-Exo were introduced into the culture medium.
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The exosomes were fluorescently labeled with PKH67 (URS52302, Umibio, China) as per the manufacturer’s
instructions, wherein the isolated exosomes from 200 mL of culture media were resuspended in 500 puL of Diluent C
and 4 pL of PKH67 was diluted in another 500 pL of Diluent C. Subsequently, the two solutions were gently mixed for 5
minutes, followed by the addition of 5 mL of 1% bovine serum albumin to bind the excess dye. The resulting mixture
was then subjected to ultracentrifugation at 100,000 g for 2 hours at 4 °C, washed with PBS via ultracentrifugation, and
ultimately resuspended in complete medium. Exosomes without PKH67 staining were prepared as the negative control.
The exosomes were stained with PKH67 for 30 minutes at 37 °C. Following a 24-hour co-culture, the incorporation of
exosomes into osteoblasts was observed under a fluorescence microscope (Olympus-CX41, Olympus, Japan).

ALP Staining for Osteoblasts

The ALP staining technique was utilized to assess the differentiation potential of osteoblast cells. Osteoblasts were
cultured in six-well plates and exposed to designated treatments. After a 24-hour treatment duration, cells were rinsed
thrice with chilled PBS, fixed with 4% paraformaldehyde at 37°C for 10 minutes. A dye solution was then applied, and
the samples were incubated in the dark for 1 hour. Finally, the staining patterns of the cells on the samples were
documented using a digital camera. The staining was performed using the ALP staining kit (20220306, KGI
Biotechnology, China). For the analysis of ALP activity, cell lysates were isolated using a cell lysis buffer on day 7.
A substrate buffer with 5 mmol/L p-nitrophenol was added, and samples were incubated at 37°C for 15 minutes.
Absorbance was measured at 520 nm, and ALP activity was normalized to protein content measured at 562 nm.

RT-qPCR

Total RNA from exosome cells was isolated using TRIzol reagent (H818KA1304, Sangon Biotech, China). The
concentration of total RNA was identified with a spectrophotometer (NanoDrop 2000, Thermo Scientific, MA, United
States), and RNA purity was determined by the A260/280 ratio range of 1.8-2.1. Then, cDNAs were synthesized
following the reverse transcription kit instructions (Sangon Biotech, BSBO9M1; BIOFLUX, B532453-0020). The
fluorescence quantitative PCR system was performed as follows: Total RNA in the cells in exosomes was isolated
using TRIzol reagent (H818KA1304, Sangon Biotech, China) and cDNAs were compounded according to the instruc-
tions of the reverse transcription kit (Sangon Biotech, BSBO9M1; BIOFLUX, B532453-0020). The sequences of the
primers used in this study are listed in Table 1. The fluorescence quantitative PCR system was performed as follows: for
mRNA: Mix SYBR Premix, primers, cDNA, and ddH,O. For miRNA: Mix miRNA qPCR master mix, primers, ROX
Reference, cDNA, and ddH,O. Analyze gene expression using the 2—AA CT method on a 7500 fluorescent quantitative
PCR instrument. The primers sequences of miRNA-331-3p and U6 are listed in Table 1.

Western Blot Analysis

Cells were lysed in RIPA lysis buffer (20220708, KeyGEN, China) and centrifuged to obtain the supernatant. Total
protein was quantified using a BCA Protein Assay Kit (20220517, KeyGEN, China). Equal amounts of protein were
separated by gel electrophoresis, transferred to PVDF membranes, and blocked with bovine serum albumin. Following
incubation with primary antibodies against TRAP (Bioss, PB0880, 1:1000), MITF (Bioss, BS-1990R, 1:1000), Rab27A
(Affinity, DF6702, 1:1000), ALP (Bioss, bsm-522526, 1:1000), or GAPDH (Bioss, BM3874, 1:1000) at 4 °C overnight,

Table | Primer Sequence for RT-qPCR

Gene Forward (5’ -3') Reverse (5' -3")

miRNA-331-3p 5'-CGGCCCCTGGGCCTATC-3' 5-AGTGCAGGGTCCGAGGTATT-3'

ué 5'-CTCGCTTCGGCAGCACATATACT-3' 5'-ACGCTTCACGAATTTGCGTGTC-3'
FGF23 5'-CAGGAGCCATGACTCGAAGGTTC-3' 5'-AGGTAGTGATGCTTCTGCGACAAG-3'
DKKI 5" -GCCTCCGATCATCAGACGGT-3' 5'-GCAGGTGTGGAGCCTAGAAG-3'

ALP 5" -CGGCGTCCATGAGCAGAACTAC-3' 5'-CAGGCACAGTGGTCAAGGTTGG-3'
B-actin 5" -CTGAGAGGGAAATCGTGCGTGAC-3' 5'-ACCGCTCGTTGCCAATAGTGATG-3'
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HRP-conjugated secondary antibodies (Abcam, 1054, 1:2000) were applied for 1 hour. Subsequently, the PVDF
membranes were visualized using a ChemiDocTM MP Imaging system (BioRad Co., Ltd., CA, USA) and analyzed
with Image J software.

Infected Bone Nonunion Rat Model and Treatment

Male SD rats weighing 300g +£20g were kept in standard animal housing conditions with a 12-hour light-dark cycle and
access to food and water. The rat models were prepared as described previously.*® A 1mm diameter bone defect was
created at the tibial plateau and filled with bone wax, followed by injection of 0.1mL S. aureus suspension with a
concentration of 1x10® CFU/mL into the bone marrow. The male SD rats (300g +20g weight) were maintained under
standard animal housing conditions (12-h light, 12-h dark cycles and free access to food and water). The rat models were
prepared were according to previous methods. A bone defect of 1 mm diameters was punched at tibial plateau; the holes
were filled with bone wax, then 0.1 mL S. aureus suspension (China General Microbiological Culture Collection Center,
CGMCC) with the concentration of 1x10° CFU/mL was injected into the bone marrow by penetrating the bone wax
layer. After a three-week period following infection, the rats were found to have developed bone infections.
Subsequently, the rats underwent debridement by creating two adjacent 2-mm-diameter holes at the sites of infection,
followed by the implantation of Van-CS (1mg per rat) into the holes. The rats were then divided into groups, namely the
Van-CS group, the Van-CS+OC-Exo group, and the Van-CS+ICA-OC-Exo group. Rats in the Van-CS+ICA-OC-Exo
group and Van-CS+OC-Exo group received local injections of ICA-OC-Exo or OC-Exo at a dosage of 0.2mg/kg twice a
week, and for a duration of 6 weeks. At the 3-week and 6-week marks, the rats were euthanized, and their tibiae were
harvested for evaluation of treatment effects.

Microcomputed Tomography

The tibias isolated from the rats were scanned by micro computed tomography (micro-CT) system (uCT-100 SCANCO
Medical AG, Switzerland) according to previous protocols.®>' Bone formation indexes such as ratio of bone volume/tissue
volume (BV/TV), and bone mineral density (BMD) were obtained and analyzed from the 3D model.

Immunofluorescence Analysis

Following deparaffinization, rat tibia slices underwent permeabilization, blocking, and overnight incubation at 4 °C with
anti-OCN (1:200, Bioss, bs-0470R) and anti-FGF23 (1:100, Abcam, ab98000) antibodies. On the following day, 2-hour
incubation of the corresponding secondary antibody was conducted at room temperature in the dark. Following an
additional PBS wash, the slices were mounted using a DAPI-containing mounting medium. Imaging was conducted using
a 3D digital slicing scanner (3DHISTECH’s PANNORAMIC DESK/MIDI/250/1000) and software (CaseViewer2.4) for
image acquisition. For each analysis, a minimum of three sections/wells were chosen, and five visual fields were
randomly examined from each section/well. 100 cells were counted in each field, and the percentage of positive cells
was subsequently calculated.

Statistical Analysis

Means and standard deviations were utilized to represent the quantitative data in this study. Statistical analysis was
conducted using SPSS 20.0 and GraphPad Prism 8.0 to perform an analysis of variance (ANOVA) and a least significant
difference #-test. Group differences were assessed through a two-way ANOVA followed by a Bonferroni post hoc test,
with statistical significance set at P < 0.05 and P < 0.01. All experimental results were expressed as the mean value and
standard error of more than three repetitions.

Results

Icariin Regulate Osteoclasts Activity and MVBs Formation in Osteoclasts
Osteoclasts induced by RANKL and M-CSF were exposed to icariin at concentrations of 10pug/mL, 20pg/mL, and 40 pg/mL.
The control group exhibited the typical multinuclear structure of osteoclasts through TRAP staining (Figure 1A). Treatment
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Figure | Icariin regulated osteoclasts activity and MVBs formation in osteoclasts. (A) The images of TRAP staining for osteoclasts in different concentration of icariin
treatment groups (Magnification x40 and x100). (B and C) Western blot analysis of TRAP expressions in osteoclasts in different groups. **P < 0.01 compared with the
control group. (D) Transmission electron microscopy images showing representative fields with MVBs (red arrows) and in osteoclasts treated with different concentration of
icariin (Magnification x25000 and %50000). (E) The quantification of MVB numbers in osteoclasts. Each dot represents the number of MVBs per section and mean is
indicated in black dotted lines. *P < 0.05, **P < 0.0 compared with the control group. (F) The histogram represents the quantification of ILV numbers per MVB in
osteoclasts by treating with different concentration of icariin.
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with 20pg/mL and 40 pg/mL icariin resulted in inhibition of osteoclast formation compared to the control group. The
expression of TRAP protein was decreased by treatment with 20pug/mL and 40 pg/mL icariin (Figure 1B and C).

Cells release various exosomes, which originate from either direct evagination of the plasma membrane or from
endosomal compartments known as MVBs. Transmission electron microscopy (TEM) was utilized to examine the formation
of multivesicular bodies (MVBs) in osteoclasts. In the groups treated with 20pug/mL and 40 pg/mL of icariin, a significant
accumulation of MVBs was observed surrounding the plasma membrane of osteoclasts. In contrast, MVBs were found to be
localized around the nucleus rather than the plasma membrane in the control groups. The quantity of MVBs per cell was found
to be elevated in the 20pg/mL and 40 pg/mL icariin treatment groups (Figure 1D and E). The membrane of MVBs undergoes
invagination to generate intraluminal vesicles (ILVs), which are subsequently released into the extracellular milieu upon
fusion of MVBs with the plasma membrane. The ILVs in MVBs were quantified, revealing no statistically significant variance
in ILV quantity per MVB in the treated osteoclasts (Figure 1F). These findings suggest that icariin suppresses osteoclast
activity, enhances MVB numbers within the cytoplasm, and facilitates the fusion of MVBs with the plasma membrane.

lcariin Regulated MITF/Rab27A in Osteoclasts

The interaction between Icariin and MITF resulted in a binding energy of —6.0 kcal/mol, indicating stable binding.
Analysis of a 3D diagram (Figure 2A) revealed that Icariin formed two hydrogen bonds at distances of 2.9 A and 3.9 A
with the 330 ARG and 334 Leu residues of the MITF protein, respectively. Additionally, two hydrophobic forces at
distances of 3.8 A and 4.0 A were observed to interact with the 337 LEU residue of MITF protein. Furthermore, two
hydrophobic forces at distances of 3.9 A and 3.5 A were involved in binding to the 338 ILE and 361 Ile residues of the
MITF protein, respectively. Two hydrophobic interactions, measuring 3.3 A and 3.7 A, were utilized to interact with the
364th leucine (LEU) amino acid residue of the MITF protein. Similarly, the 361st isoleucine (ILE) amino acid residues of
MITF were engaged by two hydrophobic interactions measuring 3.6 A and 3.8 A. The 365th amino acid residue
(glutamine, Gln) of MITF was bound by a 3.7 A hydrophobic interaction and a 3.8 A hydrogen bond. Additionally, a
3.0 A hydrogen bond was employed to bind to the 368th glutamine (GLN) amino acid residue of MITF. The presence of
these interactions facilitated the stable binding of icariin to MITF.

The small GTPase RAB27A plays a crucial role in the formation, trafficking, and membrane fusion of multivesicular
bodies (MVBs). Recent research has identified RAB27A as a direct transcriptional target of MITF.'? Immunofluorescence
staining of cytoskeleton with phalloidin and nuclei with DAPI revealed that in control groups, Rab27A was distributed in the
cytoskeleton and cytoplasm. It is hypothesized that MITF plays a role in the regulation of Rab27A and facilitates the
extracellular secretion of multivesicular bodies (MVBs). Immunofluorescence staining results of MITF demonstrated an
upregulation of MITF expression in osteoclasts treated with icariin (Figure 2B and C). Conversely, in groups treated with
20pg/mL and 40 pg/mL of icariin, Rab27A was predominantly localized in the cytoplasm. The colocalization Pearson
correlation coefficient (PCC) analysis revealed that Rab27A exhibited a tendency to localize away from the cytoskeleton
following treatment with 20pg/mL and 40 pg/mL icariin. Furthermore, the effect was more pronounced with the 40 pg/mL
icariin treatment compared to the 20 pg/mL treatment (Figure 2D and E). The protein expression levels of MITF and Rab27A
were found to be significantly upregulated by 20pg/mL and 40 pg/mL of icariin, as shown in Figure 2F and G. These findings
suggest that icariin plays a substantial role in the regulation of the MITF/Rab27A signaling axis in osteoclasts.

miRNA Characterization in ICA-OC-Exo and Verification of Significantly DEmiRNAs

The exosomes obtained from the cultural medium of osteoclasts in both the control group and icariin treatment groups were
characterized (Figure 3A). In the control group, the exosome yield was 1.85 + 0.09 pg per mL of culture medium of
osteoclasts, whereas in the icariin treatment groups, it was 3.29 + 0.12 pg. Morphological analysis using transmission electron
microscopy revealed that the isolated exosomes exhibited a typical spherical and “saucer-like” structure. Nanoparticle tracking
analysis of OC-Exo indicated a median particle size of 110-115 nm, falling within the expected range for exosomes
(Figure 3B). These findings confirm the successful isolation of OC-Exo. CD9, CD63, and CD81 are key exosomal surface
proteins. Western blot results showed these markers were highly expressed in both OC-Exo and ICA-OC-Exo. Calnexin, an
endoplasmic reticulum marker and negative exosomes indicator, was absent in the extracted exosomes, indicating high purity
(Figure 3C). In consideration of the contrasting exosomal secretion characteristics of OC-Exo and ICA-OC-Exo (Figure 3D),
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we adhered to the standard protocols provided by Illumina for library preparation and sequencing analyses. Utilizing an
[llumina HiSeq 2500 platform, we conducted miRNA expression profiling in OC-Exo and ICA-OC-Exo samples. The
miRNA-seq data revealed the presence of 14 differentially expressed miRNAs (DEmiRNAs) (P < 0.05) between the OC-
Exo and ICA-OC-Exo cohorts, as illustrated in Figure 3E. In order to assess the reproducibility of miRNA sequencing results,
a quantitative real-time polymerase chain reaction (RT-qPCR) analysis was conducted on miRNAs exhibiting significant
differences between OC-Exo and ICA-OC-Exo. The statistical findings were in concordance with the sequencing data,
indicating a high level of agreement. Specifically, ICA-OC-Exo demonstrated an up-regulation in the expression of rno-miR-
331-3p compared to the OC-Exo groups, as illustrated in Figure 3F.

Icariin Training OC-Exo Promoted the Proliferation of Osteoblasts
To investigate the impact of OC-Exo and ICA-OC-Exo on osteoblasts, a co-culture experiment was conducted by combining OC-
Exo with osteoblasts (Figure 4A). Initially, exosomes derived from osteoclasts were labeled with PKH67, while osteoblasts were
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Figure 4 ICA-OC-Exo Promoted the Proliferation of Osteoblasts. (A) The diagrams of co-coculture OC-Exo or ICA-OC-Exo with osteoblasts. (B) Representative images
of immunofluorescence staining of OC-Exo penetrating into osteoblasts. The OC-Exos were stained with PKH76 (green), the nucleuses of osteoblasts were stained with
DAPI, and cytoskeleton were stained with phalloidin. (C) RT-qPCR was used to detect the gene expressions of miRNA-331-3p, FGF23, DKK| and ALP in osteoblasts, *P <
0.05. (D and E) Western Blot was used to test the protein expressions of FGF23, DKKI and ALP in osteoblasts, *P < 0.05, **P < 0.01. (F and G) ALP staining and ALP
activities were determined the effect of OC-Exo and ICA-OC-Exo on the proliferation of osteoblasts, **P< 0.01.

stained with DAPI and phalloidin. The fluorescent images of OC-Exo and osteoblasts indicated the uptake of OC-Exo and ICA-
OC-Exo by osteoblasts (Figure 4B). The RT-qPCR analysis revealed a significant increase in miRNA expression levels of miR-
331-3p after 24 hours of treatment with ICA-OC-Exo (P <0.05), accompanied by a decrease in mRNA expression levels of
FGF23 and DKK1. Furthermore, the study demonstrated a significant increase in alkaline phosphatase (ALP) levels following
treatment with ICA-OC-Exo (P < 0.05) (Figure 4C). Western blot analysis revealed that ICA-OC-Exo led to higher protein
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expression levels of osteogenic markers ALP compared to OC-Exo, while also reducing protein expression levels of FGF23 and
DKK1 (P <0.05) (Figure 4D and E). Subsequent ALP staining results after 24 hours of treatment with OC-Exo and ICA-OC-Exo
on osteoclasts indicated a significant increase in osteoblast activity with ICA-OC-Exo treatment, with statistical significance
(P <0.01) (Figure 4F and G). These results showed that ICA-OC-Exo promoted osteoblast activity.

To investigate the modulation mechanism of miRNA-331-3p derived from OC-Exo and ICA-OC-Exo on osteoblast
function, we employed a miRNA-331-3p inhibitor to knockdown miRNA-331-3p expression in osteoblasts, using a negative
control (N.C.) for comparison (Figure 5SA). RT-gPCR analysis demonstrated a significant reduction in miRNA-331-3p
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expression levels in the inhibitor group. Furthermore, after treatment with OC-Exo and ICA-OC-Exo, miR-331-3p levels were
significantly higher in the inhibitor + ICA-OC-Exo group than those in the inhibitor + OC-Exo group (P < 0.01), which was
accompanied by an increase in the mRNA expression levels of FGF23 and DKK1. Moreover, the study indicated a significant
elevation in ALP levels following treatment with inhibitor + ICA-OC-Exo (P < 0.05, P < 0.01) as illustrated in Figure 5B.
Western blot analysis demonstrated that the miRNA-331-3p inhibitor and OC-Exo treatment resulted in increased protein
expression levels of the osteogenic markers FGF23 and DKK1 compared to the N.C. group, while concurrently decreasing the
protein expression levels of ALP (P < 0.01). Additionally, the inhibitor + ICA-OC-Exo was associated with reduced
expressions of FGF23 and DKK1, alongside an elevated expression of ALP, as depicted in Figure 5C and D. The results
indicated that in osteoblasts where miRNA-331-3p was inhibited, ICA-OC-Exo facilitated enhanced osteoblast activity by
delivering increased levels of miRNA-331-3p and suppressing FGF23.

ICA-OC-Exo Improved Bone Microarchitecture in Infected Bone Nonunion Rat
Model

The efficacy of ICA-OC-Exo in promoting osteoblasts was demonstrated through its injection into bone defects in an infected
bone nonunion rat model following the implantation of VSC beads (Figure 6A). Micro-CT analysis revealed that the bone
microarchitecture of rats in the VCS+ICA-OC-Exo group exhibited significant improvement compared to the model group
and VCS+OC-Exo group, at the 3-week and 6-week time points. At the 3-week mark, the BV/TV and BMD values of rats in
the model and VCS groups were significantly lower than those in the control group, whereas the values in the VCS+ICA-OC-
Exo group were notably higher than those in the VCS and VCS+OC-Exo groups. At the 6-week time point, the BV/TV and
BMD values in the VCS+ICA-OC-Exo group remained significantly higher than those in the VCS and VCS+OC-Exo groups.
Furthermore, the VCS+OC-Exo treatment significantly reduced the BV/TV and BMD values compared to the VCS treatment,
indicating that OC-Exo inhibited bone repair, as shown in Figure 1D and depicted in Figure 6B and C. These results suggested
that after anti-infection treatment of VSC in infected bone nonunion rat model, OC-Exo had negative effect on bone repair, and
ICA-OC-Exo had the ability to attenuate bone repair at the local bone defect.

In order to elucidate the mechanism by which ICA-OC-Exo enhances bone formation, we conducted an investigation into
the expression of OCN and FGF23 at the site of bone defect in a rat model of infected bone nonunion using immunofluor-
escence labeling, at the 3-week and 6-week time points. At the 3-week interval, a reduction in the number of OCN-positive
cells was observed in the model group compared to the control group. Treatment with VSC, VSC+OC-Exo, and VSC+ICA-
OC-Exo resulted in a significant increase in OCN expression. Furthermore, ICA-OC-Exo treatment led to a higher percentage
of OCN-positive cells compared to the OC-Exo group. The proportion of FGF23-positive osteoblasts was assessed, indicating
no significant differences among the VSC, VSC+OC-Exo, and VSC+ICA-OC-Exo treatment groups. At the 6-week mark, the
ICA-OC-Exo treatment resulted in a significantly higher percentage of OCN-positive cells compared to the OC-Exo group.
Furthermore, the VSC and VSC+OC-Exo treatments were associated with an increase in FGF23-positive osteoblasts.
However, the VSC+ICA-OC-Exo treatment resulted in a lower number of FGF23-positive osteoblasts (Figure 7A and B).
These findings suggest that ICA-OC-Exo treatment may decrease FGF23 expression in osteoblasts at the site of bone defect,
ultimately promoting osteoblast mineralization.

Discussion

Bone infection presents a significant challenge in the field of orthopedic and traumatic surgery. Currently, the use of local
implantation with an antibiotic release system has proven to be an efficacious approach for infection control. Nevertheless, the
issue of delayed bone healing remains prevalent in clinical settings. Consequently, post-anti-infection treatment bone repair is
imperative for the successful rehabilitation of patients suffering from bone infections. Previous studies showed that flavonoids
are the active components in Herba epimedii. For instances, icariin and epimedins can suppress osteoclastogenesis in
ovariectomized mice, promote osteoblast differentiation, and inhibit osteoclast differentiation.’*** Icariin can reduce bone
loss in ovariectomized animal models and in hydrocortisone-induced rat models.>* In our previous studies, we revealed that
total flavonoids of Herba epimedii enhanced bone remolding in rabbit bone infected models and promoted activities of
osteoblasts.* This study examined rat bone infected models and verified that icariin promoted bone repair after anti-infection
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treatment. Icariin treatment increased BMD and bone volume at local bone defects. According to the histological results,
icariin increased osteoblast numbers and decreased osteoclast numbers, and also inhibited CTSK expression, which indicated
icariin suppressed bone repair osteoclast activity.

Prior research on the pathological mechanisms of bone infection has indicated that bone nonunion may be associated
with an imbalance between bone formation and resorption, resulting from the upregulation of inflammatory factors that
stimulate osteoblasts to secrete excessive RANKL. The interaction between RANKL and RANK promotes osteoclast
differentiation.'> Exosomes have been shown to play a role in mediating communication between osteoclasts and
osteoblasts in the coupling mechanism of bone formation and resorption.*® Osteoclasts can release exosomes loading
various mRNA and non-coding RNA, and then the exosomes penetrated into osteoblasts and regulated biological
function of osteoblasts.>’® Exosomes formation begins with early endosomes on the surface of cell membranes,
which develop into late endosomes containing multiple ILVs that form MVB, the precursor of exosomes, by binding
proteins, nucleic acids and other substances as the endogenous bud formation.*® The secretory type of MVBs secretes
exosomes to exocytosomes through fusion with the plasma membrane, and also ILVs are released as exosomes.*° In this
investigation, it was determined that icariin exhibited inhibitory effects on osteoclast activity, promoted an increase in the
number of MVBs present in the cytoplasm, and facilitated the fusion of MVBs with plasma membranes. Nevertheless,
icariin did not impact the quantification of ILVs within MVBs. As a result, it is postulated that icariin may modulate the
secretion of osteoclast exosomes by regulating the process of exosome release.

The Rab family GTPase proteins control the transport process of intracellular MVBs, by collecting specific receptor
proteins on the plasma membrane, which regulate exosomes secretion.*’ The Rab family GTPase proteins consist of
Rabll1, Rab35, Rab27A/B, etc. Studies have shown Rab27A and Rab27B are key proteins in the exosome’s secretion
process. Rab27A promotes the fusion of MVBs with the plasma membrane by binding to Slp4-a, the receptor of Rab27a
on the plasma membrane. Rab27B regulates the movement of MVBs by binding to the receptor of Slac-2b.** Other
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studies have shown that the expression of Rab27A is significantly increased, while the expression of Rab27B is
significantly decreased during osteoclast differentiation. Also, Rab27A can regulate the multinucleation of osteoclasts
by regulating cell membrane surface receptors.*> On the other hand, MITF is verified to regulate the distribution of
melanosomes in melanoma cells through transcriptional regulation of Rab27A and promote the extracellular secretion of
melanosomes.'” The findings of our research suggest that the stable binding of icariin to MITF is facilitated by molecular
docking interactions. Furthermore, immunofluorescence staining results propose that MITF may regulate Rab27A and
promote the extracellular secretion of MVBs. Additionally, Rab27A appears to localize away from the cytoskeleton after
treatment with 20pg/mL and 40 pg/mL icariin. These results indicate that icariin plays a significant role in modulating the
MITF/Rab27A signaling axis in osteoclasts. These findings suggest that icariin may have a potential impact on exosomes
derived from osteoclasts, leading to an increase in the quantification of exosomes. These findings suggest that icariin may
have a potential impact on exosomes derived from osteoclasts, leading to an increase in the quantification of exosomes.

MiRNAs present in exosomes play a crucial role in modulating the translation of target mRNA within receptor cells,
thereby influencing the pathophysiological processes of said cells.** The miRNA-seq analysis revealed variations in
miRNA expression levels between ICA-OC-Exo and OC-Exo samples, with miRNA-331-3p showing significantly
elevated expression in ICA-OC-Exo. Additionally, it has been shown that miRNA-331-3p displays diminished expression
levels throughout the process of osteoclast differentiation and proliferation. These findings align with existing literature,
indicating substantial variations in the types of miRNAs present in exosomes following various drug interventions.** In
our previous study, we investigated the miRNA biomarkers associated with bone infection and identified miRNA-331-3p
as a regulator of osteoblast activity, contributing to bone nonunion. We observed an inverse correlation between miRNA-
331-3p and fibroblast growth factor 23 (FGF23) in relation to osteoblast mineralization pathways and the pathology of
infected bone nonunion. Specifically, miRNA-331-3p functions as a promoter of osteoblast mineralization by directly
targeting FGF23. The downregulation of miRNA-331-3p was found to inhibit osteoblast mineralization through the
regulation of DKK1/B-catenin-mediated signaling Therefore the miRNA-331-3p biomarker has been shown to regulate
osteoblast mineralization through its targeting of FGF23. This novel mechanism presents potential as a diagnostic
biomarker and therapeutic target for infected bone nonunion and other inflammatory bone disorders.'* Subsequent co-
culturing experiments involving ICA-OC-Exo or OC-Exo with osteoblasts demonstrated that ICA-OC-Exo significantly
promotes osteoblast activity by downregulating FGF23 and DKK1, while upregulating ALP expressions. These findings
suggest that icariin modulates cell communication between osteoclasts and osteoblasts by influencing the expression of
miRNAs within exosomes released by osteoclasts.

Ultimately, ICA-OC-Exo was utilized to address bone defects in animals with infections, administered via local
injection. Interestingly, OC-Exo was found to hinder bone formation and delay bone union, whereas ICA-OC-Exo
demonstrated an increase in bone volume and bone mineral density (BMD). These findings suggest that ICA-OC-Exo has
a significant impact on bone repair, particularly in cases where traditional methods have limited efficacy following anti-
infection treatment. Additionally, in a separate study, icariin was incorporated into exosomes and utilized as a nanome-
dicine, showing promising results.”**> Furthermore, researchers have utilized icariin as a stimulus for exosomes in
various cell types.*® Our study also confirmed that icariin enhanced the quantification of exosomes derived from
osteoclasts and altered the miRNAs within these exosomes. In vivo experimentation demonstrated that ICA-OC-Exo
exhibited a significant impact on bone repair, suggesting a promising treatment approach for bone defects.

Our findings offer a novel concept and foundation for developing an icariin-induced osteoclast exosome for
addressing bone defects, as well as potentially informing research on flavonoid-induced osteoclast exosomes.
Nevertheless, our investigation did not validate the role of FGF23 in eliminating osteoblast-derived exosomes both in
vitro and in vivo. Furthermore, the in vivo distribution and metabolism of ICA-OC-Exo remain ambiguous, necessitating
additional research. Although our study found no side effects in rats treated with ICA-OC-Exo over a 6-week period,
further research is necessary to conduct long-term safety assessments. Exosomes serve as effective carriers of RNA,
facilitating the efficient delivery of RNA to target cells and thereby enhancing the efficacy of RNA-based therapeutics.*’
However, the limited quantification of exosomes derived from donor cells poses a significant challenge to their clinical
application. Previous studies have demonstrated that factors such as hypoxia, inflammation, and the administration of
small molecules or traditional Chinese medicine extracts can augment the quantification of exosomes and alter their
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miRNA composition.*® Our findings demonstrated that icariin can alter the quantification and miRNA profile of OC-Exo,
providing valuable insights into the production of abundant and function-specific exosomes. These insights could
significantly contribute to the development of function-specific exosomes for clinical trials. Moreover, we propose that
ICA-OC-Exo holds potential applicability in the treatment of various bone disorders, including osteoporosis.
Osteoporosis is typified by heightened osteoclast activity and diminished osteoblast function.** The localized adminis-
tration of ICA-OC-Exo could potentially modulate the progression of osteoporosis. Therefore, it is crucial to conduct
further research to explore the therapeutic efficacy of ICA-OC-Exo in managing disorders of the skeletal system.

Conclusions

The current study revealed that icariin promotes the secretion of osteoclast exosomes via a MITF/RAB27A-dependent pathway
and upregulates miRNA-331-3p within the icariin-induced OC-Exo. The ICA-OC-Exo subsequently influences the activity of
osteoblasts. These results propose a potential mechanism through which icariin aids in bone regeneration post anti-infection
treatment for bone infections, suggesting the potential utility of [CA-OC-Exo as an innovative therapeutic strategy for addressing
bone deficiencies. Furthermore, comprehensive in vivo investigations into the metabolism and distribution of ICA-OC-Exo,
along with assessments of the long-term effects associated with its use, are planned for future implementation.
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