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Abstract: Objectives: Osteoporosis, resulting from an imbalance between osteoblast-mediated bone formation and
osteoclast-mediated bone resorption, can be alleviated by hyperoside. Migrasomes, as newly discovered extracel-
lular vesicles, play a crucial role in mediating intercellular communication. However, it remains unclear whether
hyperoside alleviates osteoporosis by mediating intercellular communication between osteoblasts and osteoclasts
through migrasomes. This study investigates the potential therapeutic mechanisms of hyperoside in treating os-
teoporosis using an ovariectomized mouse model. Methods: Hyperoside was administered to the mice by intragas-
tric gavage daily for 2 months. Micro-CT scans and histopathological analyses were performed to evaluate bone
formation. Migrasomes derived from hyperoside-treated osteoclasts were characterized by transmission electron
microscopy, Western blot, and immunofluorescence, and subsequently used to treat osteoblasts followed by RNA
sequencing. Results: Micro-CT scans and histopathological evaluations showed that hyperoside reduced bone re-
sorption and osteoclast numbers in ovariectomized mice. Immunofluorescence staining revealed that hyperoside in-
creased the expression of osteoblast regulators OPG and RUNX2. Hyperoside increased migrasome secretion from
osteoclasts, which was validated by transmission electron microscopy and Western blot analyses. Migrasomes were
then used to treat MC3T3-E1 cells, boosting osteoblast marker expressions and differentiation. RNA sequencing
of migrasomes showed distinct regulatory patterns, with upregulated genes in the hyperoside-treated migrasomes
compared to the control linked to immune responses, iron ion homeostasis, oxidative stress, and apoptosis, and
downregulated genes related to lipid metabolism. Notably, hyperoside-regulated migrasomes also affected ferrop-
tosis by increasing ferroptosis repressors Nr4al, Lcn2, Nuprl, and Zfp36. Conclusions: These findings suggest
that hyperoside exerts its osteogenic effects through migrasome-mediated crosstalk, offering new insights into the
treatment of osteoporosis.
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insufficient calcium intake and lack of exercise
[3, 4]. Bone remodeling relies on the coordinat-
ed actions of osteoclasts and osteoblasts in-
volving intercellular contact, extracellular matrix
interactions, and cytokine release [5]. Disrup-
tion in their communication may contribute to
bone disorders [6]. Osteoblast-derived extracel-

Introduction

Osteoporosis is a highly prevalent metabolic
bone disease that increases bone fragility and
the risk of fractures, and it is estimated to
affect over 300 million people by 2040 [1]. The
disease arises from an imbalance between

bone-resorbing osteoclasts and bone-forming
osteoblasts, in which excessive osteoclast ac-
tivity and reduced osteoblast function lead to
bone loss and deterioration of bone microarchi-
tecture [2]. This process can be further acceler-
ated by aging, hormonal changes, environmen-
tal influences, or unhealthy lifestyles, such as

lular vesicles can shift activity from bone forma-
tion to resorption [7], while vesicles aid bone
repair via the TGFB1/SMAD3 pathway [8].
The interaction between these cells affects
osteogenesis. For example, osteoclastogenesis
is inhibited when osteoclasts are co-cultured
with ED-71-treated osteoblasts, improving bone
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mass in ovariectomized (OVX) rats [9]. BMP2
immune complexes promote bone formation by
facilitating direct interactions between osteo-
clasts and osteoblasts [10]. Thus, drugs target-
ing these interactions could help prevent and
treat osteoporosis.

Hyperoside, a key bioactive compound in
Hypericum species [11], exhibits significant
pharmacological activities, including anti-can-
cer, antibacterial, antiviral, and neuroprotective
effects [12-14]. Recent research highlights its
potential in treating postmenopausal osteopo-
rosis by inhibiting bone resorption through
the miR-19a-5p/IL-17A axis [15] and the ERa/
ITGB3 signaling pathway [16]. It also affects the
TRAF6-dependent RANKL/RANK/NF-kB signal-
ing and increases the OPG/RANKL ratio [17].
While studies have explored its role in reducing
osteoclast activity and promoting osteoblast
function, the interaction between these cells in
achieving its osteoprotective effects remains
unexplored.

Migrasomes are newly discovered extracellular
vesicles that are formed in migrating cells
and mediate intercellular communication [18].
Migrasomes originate from membrane tubule
structures (approximately 50-300 nm in diam-
eter) left behind by migrating cells and remain
connected to the parent cell via retraction
fibers before eventually detaching and being
released [19]. Migrasomes are enriched with
diverse signaling molecules, including cyto-
kines, chemokines, and growth factors. These
bioactive components can be internalized by
neighboring cells, subsequently modulating the
behavior and phenotypic states of the recipient
cells [20]. The filopodia and migrasome-like
vesicles were observed during the migration
of osteoclasts, which was described to partici-
pate in the spatiotemporal coupling process
between osteoclast and osteoblast [21]. Obser-
ved migrasomes during osteoclast migration
may be involved in osteoclast-osteoblast inter-
actions, though their role in bone remodeling
and communication is not well understood.
The impact of hyperoside on migrasomes and
their function in bone processes also remains
unclear.

This study explored the therapeutic effects of
hyperoside on osteoporosis in an OVX mouse
model. We isolated and characterized hypero-
side-induced osteoclast migrasomes and ev-
aluated their role in regulating osteoblast dif-
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ferentiation. RNA sequencing profiling of hy-
peroside-induced migrasomes enhanced our
understanding of their genetic regulation in
osteogenic differentiation. Our findings high-
light the substantial efforts of migrasomes in
the anti-osteoporosis effect of hyperoside and
provide novel insights into the prevention and
treatment of osteoporosis.

Materials and methods
Animals

Female C57BL/6J mice (8-week-old, n = 18)
from Beijing SiPeiFu were housed under con-
trolled conditions (temperature 24-26°C, hu-
midity 55-60%, 12 h light/dark cycle) with free
access to water and were randomly divided into
sham, OVX, and OVX + Hyperoside groups (6
mice/group). The mice were anesthetized by
intraperitoneal injection of 1% Avertin (0.2
mL/10 g, M2910, Nanjing Aibei). Mice in the
OVX and OVX + Hyperoside groups underwent
ligation of the oviducts and removal of both
ovaries, while the mice in the sham group un-
derwent laparotomy only. One week later, the
mice in the OVX + Hyperoside group received a
daily gavage of hyperoside (40 mg/kg, 482-36-
0, Plant Original Biological) for two months [15],
whereas the mice in the sham and OVX groups
were administered 0.9% saline daily via gavage
for two months. After the experimental period,
the mice were euthanized by CO, inhalation,
and their left femurs were collected for subse-
quent studies. The research followed protocols
approved by the Animal Ethics Committee of
Yosu (approval number YS-m202506003) and
met the guidelines of their responsible govern-
mental agency.

Micro-CT

Micro-CT analysis of femurs was performed on
harvested femurs using a Hiscan XM Micro CT
(Szhiscan, Suzhou). Three-dimensional recon-
structions were performed with Hiscan Recon-
struct software (Szhiscan, Suzhou). The bone
microstructure measurements were obtained
from 3D analysis of the selected bone using
Hiscan Analyzer software (Szhiscan, Suzhou).
Bone microstructure measurements, including
the bone volume fraction (BV/TV), bone sur-
face density (BS/TV), trabecular separation
(Tb.Sp), and trabecular number (Th.N), were
obtained using Hiscan Analyzer software.
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Cell culture

RAW 264.7 cells (iCell-m047, iCell) were main-
tained in DMEM (10-013-CVRC, CORNING)
containing 10% fetal bovine serum (10099-
141C, GIBCO) and 1% penicillin/streptomycin
(E607011, Sangon). To induce osteoclast dif-
ferentiation, RAW 264.7 cells were plated in
24-well plates at a cdensity of 2 x 105 cells/mL
and exposed to 50 ng/mL lipopolysaccharide
(LPS, L8880, Solabao) for 7 days. Hyperoside
(50 uM) was used to treat osteoclasts for 24 h,
followed by the extraction of migrasomes.

MC3T3-E1 cells (CL-0378, Procell) were seed-
ed on gelatin-coated six-well plates and incu-
bated in a basal medium for MC3T3-E1 sub-
clone 14 cells osteogenic differentiation (PD-
033, Procell) to promote differentiation into
osteoblasts. After the formation of osteogenic
cells, the cells were incubated with 100 ug of
migrasomes for 24 h.

The experiment involved cells that were con-
firmed to be mycoplasma-free, with PCR testing
for any mycoplasma contamination.

Hematoxylin and Eosin (H&E) staining

Femur samples were subjected to decalcifica-
tion in an EDTA solution, followed by dehydra-
tion in graded ethanol, clearing in xylene, and
embedding in paraffin. Serial cross-sections (4
um thickness) were obtained using a micro-
tome and mounted on slides for H&E staining.
Histological examination was performed under
a light microscope (CK31, Olympus) for mor-
phological analysis.

Tartrate-resistant acid phosphatase (TRAP)
staining

Paraffin-embedded sections were deparaffini-
zed with glycol ether acetate and rehydrated
through a graded ethanol series. After marking
the tissue sections with a histology pen, they
were incubated in a humidified chamber with
distilled water at 37°C for 2 h. The sections
were then incubated in TRAP staining solution
at 37°C for 20 min following the removal of the
distilled water. The staining solution was then
decanted, and the sections were rinsed with
water before counterstaining the nuclei with
hematoxylin for 15 seconds. Image analysis
was conducted using a microscope (Nikon
Eclipse E100, Nikon).
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Cells were processed according to the manu-
facturer’s protocol (G1492, Solarbio), starting
with fixation in TRAP-specific fixative at 4°C for
1 min, followed by incubation with TRAP stain-
ing solution at 37°C for 60 min under humidi-
fied conditions. After thorough washing, the
samples were counterstained with hematoxylin
for 5 min to enhance nuclear visualization.
The stained specimens were then examined
and digitally captured using an Olympus CK31
light microscope equipped with high-resolution
imaging capabilities for detailed morphological
analysis.

Immunofluorescence

After standard processing, paraffin-embedded
tissue sections and cultured cells were pre-
pared sequentially, starting with fixation in 4%
paraformaldehyde for 15 min at room tempera-
ture. They were permeabilized with 0.3% Triton
X-100 in PBS for 10 min, and then blocked with
3% BSA in PBS for 1 h. Next, the samples were
incubated overnight at 4°C with the speci-
fied primary antibodies: anti-OPG (83065-
2-RR, Proteintech), anti-RUNX2 (20700-1-AP,
Proteintech), anti-Tspan4 (PA569344, Thermo
Fisher Scientific), and anti-TRAP (67315-1-Ig,
Proteintech). After washing, appropriate fluo-
rescent-conjugated secondary antibodies (AO5-
21, Beyotime) were applied for 1 h at room tem-
perature. Nuclei were counterstained with DAPI
(1 pg/mL) for 5 min, and fluorescent signals
were captured using a Nikon Eclipse Ti inverted
fluorescence microscope.

Migrasome isolation

Cells and migrasomes were trypsinized and col-
lected in a 50 mL conical tube, with all steps
done at 4°C. The suspension was sequentially
centrifuged at 1,000x% g for 10 min and 4,000x
g for 20 min to remove cells and debris. The
supernatant was then centrifuged at 20,000x
g for 30 min to pellet crude migrasomes, which
were washed with PBS and centrifuged again at
20,000x g for 30 min. Migrasomes were fur-
ther purified using density gradient centrifuga-
tion with Optiprep (Sigma-Aldrich, D1556) as
the density medium. A discontinuous gradient
was prepared by layering the following solu-
tions in sequence (500 uL each): 30% Optiprep,
25% Optiprep, crude migrasome suspension
(in 19% Optiprep), 15% Optiprep, 12% Optiprep,
10% Optiprep, 8% Optiprep, 5% Optiprep, and
2% Optiprep.
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The cell pellet was resuspended in 137.5 uL of
dilution buffer to prepare the crude migrasome
fraction. Then, 400 pL of 1x extraction buffer
and 252.5 pyL of 60% OptiPrep were added to
reach an 18% OptiPrep concentration. The mix-
ture was ultracentrifuged at 150,000x g for 4 h
at 4°C. Twelve 480 pL fractions were collected
from the gradient, diluted with PBS, and centri-
fuged at 20,000x g for 30 min at 4°C to pellet
migrasomes. The pellets were washed twice
with PBS to remove contaminants. Fractions
with optimal migrasome enrichment, identified
by light scattering, were chosen for transmis-
sion electron microscopy analysis.

Transmission electron microscope

A 5-10 pL drop of the resuspended solution
was placed on the copper grid, allowing it to
settle for 1 min. The filter paper was used to
absorb the excess liquid from the edge. After
rinsing with PBS, 10 uL of phosphotungstic acid
was dropped onto the copper grid, letting it
settle for 1 min before absorbing the excess lig-
uid with filter paper. The samples were air-dried
at room temperature for 2 min before imaging
(JEM-1200EX, JEOL).

Alkaline phosphatase (ALP) and Alizarin red
staining

The osteoblasts were fixed with 4% paraformal-
dehyde and stained with the BCIP/NBT Alkaline
Phosphatase Color Development Kit (C3206,
Beyotime) and Alizarin Red S (PD-033, Procell)
after 21 days of migrasome incubation.

RT-qPCR

Total RNA was extracted using Trizol reagent
(Sigma) and assessed with a TGem spectro-
photometer (TIANGEN, Beijing). RNA integrity
was checked via agarose gel electrophoresis
before reverse transcription into cDNA with a
Thermo kit (K1622). The cDNA was then ana-
lyzed by RT-gPCR using Roche’s 2x Master Mix
Kit (04913914001), with specific primers list-
ed in Table S1.

Western blot

Cell pellets were collected and processed for
protein isolation. Proteins were separated and
transferred to PVDF membranes, blocked with
5% skimmed milk, and incubated overnight
at 4°C with primary antibodies. After that, the
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membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies.
The primary antibodies included anti-GAPDH
(60004-1-Lg, Proteintech), anti-PIGK (15151-1-
AP, Proteintech), anti-CPQ (16601-1-AP, Pro-
teintech), anti-TSPAN4 (PA5-69344, Thermo
Fisher Scientific), anti-ALP (18507-1-AP, Pro-
teintech), anti-RUNX2 (20700-1-AP, Proteinte-
ch), anti-OCN (16601-1-AP, 20277-1-AP), and
anti-OPG (83065-2-RR, Proteintech). Secondary
antibodies included goat anti-mouse 1gG H&L
(RGAMOO1, Proteintech) and goat anti-rabbit
IgG H&L (RGAROO1, Proteintech). The protein
bands were detected using ChemiScope 6000
(Clinx, Shanghai), and band densities were
quantified with ImageJ, normalized to an inter-
nal reference, and expressed as a fold change
relative to the control.

RNA sequencing

Briefly, total RNA was extracted from migra-
somes derived from hyperoside-treated and
control osteoclasts (n = 3 per group) using TRI-
zol reagent (T9424, Sigma). RNA was assessed
using a TGem spectrophotometer (TIANGEN,
Beijing, China), and RNA integrity was evaluat-
ed by agarose gel electrophoresis. High-quality
RNA samples were used to create sequencing
libraries with the mRNA-seq Lib Prep Kit for
llumina (RK20302, ABclonal). After assessing
library quality, sequencing was conducted on
the lllumina NovaSeq platform (Mivectorbio,
Shanghai, China) to generate paired-end reads.
The raw data underwent quality control, adapt-
er trimming, and read filtering to remove low-
quality sequences before being mapped to
the mouse reference genome. Differentially
expressed genes (DEGs) were identified using
the DESeq2 package in R, with thresholds of P
< 0.05 and |fold change| > 1. These DEGs
were subsequently subjected to Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and
Genomes enrichment analyses to explore their
functional implications.

Statistical analysis

Statistical data are displayed as the mean +
standard deviation, with error bars included.
Each experiment was independently repeated
at least three times. Statistical significance
between two groups was evaluated using Stu-
dent’s t-test, while one-way ANOVA with Tukey’s
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Figure 1. Hyperoside improves osteoporosis in ovariectomized mice. A. Bone
composition was assessed by micro-CT scan imaging of the distal femurs.
B. The bone microstructure parameters were measured, including bone vol-
ume fraction, bone surface density, trabecular separation, and trabecular
number. C. Histopathological evaluation of femoral tissues was performed
using Hematoxylin and Eosin staining. D. Histopathological evaluation of
femoral tissues was performed using tartrate-resistant acid phosphatase
(TRAP) staining. One-way ANOVA was used to evaluate statistical signifi-
cance. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

BS/TV, and Th.N of mice and
increased Tb.Sp (Figure 1B).
Conversely, hyperoside treat-
ment reversed these changes
(Figure 1B), as confirmed by
histopathological evaluation of
femoral tissues (Figure 1C and
1D). Specifically, H&E stain-
ing revealed significant his-
tological changes caused by
OVX in bone sections, such as
increased spacing, decreas-
ed thickness, and trabecular
bone number (Figure 1C). Hy-
peroside treatment effective-
ly reversed OVX-induced bo-
ne deterioration (Figure 1B).
TRAP staining demonstrated
a significant increase in TRAP-
positive osteoclasts in OVX
mice relative to sham controls
(Figure 1D). In contrast, hyper-
oside administration mitigated
this OVX-induced elevation in
osteoclast (Figure 1D). Oste-
oprotegerin (OPG), produced by
osteoblasts, prevents osteo-
clast formation and bone res-
orption [22]. Runx2 can facili-
tate osteogenic differentiation
[23]. Immunofluorescence sta-
ining revealed that OVX sup-
pressed the expression of both

multiple comparisons test was used for com-
parisons among more than two groups. P <
0.05 was considered statistically significant.

Results
Hyperoside improves osteoporosis in OVX mice

To investigate the therapeutic effects of hy-
peroside on osteoporosis, a postmenopausal
osteoporosis mouse model was established via
OVX. The OVX + Hyperoside group received a
daily oral dose of 40 mg/kg hyperoside for 2
months. At the end of the treatment, we as-
sessed bone composition by micro-CT scan
imaging of the distal femurs (Figure 1A). The
micro-CT analysis demonstrated that hypero-
side mitigated bone resorption in OVX mice
(Figure 1A). OVX significantly decreased BV/TV,
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OPG and RUNX2, whereas hy-
peroside treatment upregulat-
ed their expression (Figure 2A and 2B), sug-
gesting that hyperoside-mediated anti-osteo-
porotic mechanism may involve modulation of
osteoclast-mediated bone resorption.

Hyperoside promotes osteoclast-derived migra-
some secretion

The interaction between osteoclasts and osteo-
blasts, as well as their cellular communication,
plays a critical role in osteoporosis develop-
ment [6]. Migrasomes facilitate intercellular
communication, but it's unclear if hyperoside
affects osteoclast-osteoblast interaction thr-
ough migrasomes. We aim to explore hypero-
side’s impact on osteoclast-derived migra-
somes and their effect on osteoblast activity.
LPS was used to induce RAW264.7 cells differ-
entiation into osteoclasts, as confirmed by
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TRAP staining (Figure 3A). We isolated migra-
somes from hyperoside-treated osteoclasts
and confirmed their presence under transmis-
sion electron microscope observations (Figure
3B). Ultrastructural analysis showed that the
vesicles had a pomegranate-like shape and
were connected to fibrous filaments (Figure
3B). Equal amounts of migrasome proteins
from each group were used for Western blot
analysis, revealing migrasome-related proteins
in the isolated migrasomes, but these proteins
were scarcely found in intracellular fractions
(Figure 3C). Meanwhile, we performed immuno-
fluorescence staining with equal amounts of
cells from each group to validate the presence
of migrasomes in osteoclasts. We observed
co-localization of the migrasome marker
TSPAN4 with the osteoclast marker TRAP
(Figure 3D). Hyperoside increased migrasome
secretion per cell while reducing the number
of TRAP* osteoclasts (Figure 3D), suggesting
that hyperoside promotes migrasome genera-
tion in osteoclasts.

1964

Hyperoside regulates osteo-
blast differentiation through
migrasomes

To assess if hyperoside influ-
ences osteoblast differentia-
tion via migrasomes, we ex-
posed MC3T3-E1 cells to mig-
rasomes from hyperoside-sti-
mulated osteoclasts. RT-gPCR
showed that these migra-
somes significantly increased
mRNA levels of osteoblast

Merge markers (Alp, Runx2, Ocn, and

100 M
100 4M
100 pM 100 i

Figure 2. Hyperoside regulates osteoblast markers OPG and RUNX2. A, B.
Immunofluorescence staining revealing the levels and localization of OPG

Opg) compared to controls (Fi-
gure 4A). Western blot analysis
confirmed higher protein levels
of ALP, RUNX2, OCN, and OPG
in cells treated with hypero-
side-induced migrasomes (Fi-
gure 4B). Furthermore, we as-
sessed osteoblast differentia-
tion using ALP staining (Figure
4C) and Alizarin Red staining
(Figure 4D). ALP represents
the hallmark enzyme of mature
osteoblasts and was visualized
as granular or patchy gray-
brown to dark-black precipi-
tates in the cytoplasm (Figure
4C). Alizarin Red staining de-
tected calcium deposition induced by osteo-
blasts, indicating enhanced osteogenic capaci-
ty (Figure 4D). We observed more intense ALP
and Alizarin Red staining in the hyperoside-
treated group compared to the control group
(Figure 4C and 4D). This suggests that hypero-
side enhances osteoblast differentiation and
osteogenic capacity, potentially through migra-
some-mediated regulation.

xg

xZ

Hyperoside-regulated migrasomes mediate
ferroptosis

Studies indicate that migrasomes can transfer
MRNA and facilitate its expression in recipient
cells [24, 25]. To understand how hyperoside
improves osteoporosis via migrasomes, we
conducted RNA sequencing on migrasomes
from hyperoside-treated and control osteo-
clasts. Transcriptional profiling revealed dis-
tinct regulatory patterns in hyperoside-treated
migrasomes compared to controls (Figure 5A).
Comparative analysis identified 839 DEGs
between the hyperoside and control groups,
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Figure 3. Hyperoside regulates the generation of migrasomes derived from
osteoclasts. A. Tartrate-resistant acid phosphatase staining revealed that
RAW264.7 cells were induced by lipopolysaccharide to differentiate into os-
teoclasts. B. Transmission electron microscope analysis of migrasomes iso-
lated from hyperoside-treated osteoclasts. C. Western blot analysis demon-
strated the levels of migrasome-related proteins in the cells and the isolated
migrasomes. D. Immunofluorescence staining depicting the co-localization

suggesting that hyperoside-
modified migrasomes influen-
ce ferroptosis. By intersecting
DEGs from RNA sequencing
with ferroptosis-related genes
from GeneCards (Figure 6A),
46 overlapping DEGs were id-
entified, including Nr4al, Lcn2,
Nuprl, and Zfp36, which are
associated with osteogenic dif-
ferentiation [28-31] and act as
ferroptosis repressors [32-35].
RT-gPCR revealed that hypero-
side significantly upregulated
the expression of these four
ferroptosis repressors in mig-
rasomes (Figure 6B), indicat-
ing that hyperoside may en-
hance osteogenic differentia-
tion by inhibiting migrasomes-
mediated ferroptosis.

Discussion

Osteoporosis is a metabolic
bone disorder marked by re-
duced bone mass and deterio-
rated microarchitecture, with
pathogenesis involving com-
plex cellular and molecular me-
chanisms [36]. Recent studies
identify migrasomes, a novel
type of extracellular vesicle, as

of the migrasome marker TSPAN4 with the osteoclast marker TRAP.

including 376 upregulated and 463 downregu-
lated DEGs in the hyperoside compared to the
control (Figure 5B). Notably, upregulated DEGs
were associated with immune responses (e.g.
cytokine-cytokine receptor interaction, NF-
kappa B signaling pathway, TNF signaling path-
way, and Toll-like receptor signaling pathway),
apoptosis, and osteoclast differentiation (Fi-
gure 5C), while downregulated DEGs were
involved in lipid metabolism, such as biosynthe-
sis of unsaturated fatty acids, fatty acid metab-
olism, arachidonic acid metabolism, and ovari-
an steroidogenesis (Figure 5D). GO enrichment
analysis further supported these findings (Fi-
gure 5E). Dysregulation of iron homeostasis
induces oxidative stress that critically drives
ferroptosis activation [26, 27]. We noticed that
the upregulated DEGs were linked to iron ion
homeostasis, while the downregulated DEGs
participated in oxidative stress (Figure 5E),
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key mediators of intercellular
communication [18, 20]. This
study explored the therapeutic potential of
hyperoside in an OVX mouse model of osteopo-
rosis and elucidated the critical role of migra-
somes in this process. Our results demonstrat-
ed that hyperoside significantly increased bone
mineral density in OVX mice and alleviated
osteoporotic symptoms by modulating osteo-
clast and osteoblast activity. Mechanistically,
hyperoside enhanced the production of osteo-
clast-derived migrasomes, which carried spe-
cific signaling molecules likely influencing
osteoblast differentiation and function. These
findings suggest a new treatment strategy for
osteoporosis and support migrasome-based
interventions in bone metabolic disorders.

The dynamic balance between osteoclasts and
osteoblasts is crucial for maintaining bone met-
abolic homeostasis. In osteoporosis, enhanced
osteoclast activity leads to excessive bone

Am J Transl Res 2026;18(3):1959-1971



Hyperoside alleviate osteoporosis via migrasomes

= NC-Mig
=3 Hyperoside-Mig

A Migrasomes
o
...
%
)

S

w

-

Relative mRNA expression
o N

Alp Runx2 Ocn Opg

MC3T3-E1 cells

osteoblasts to inhibit osteo-
blast function and exacerbate
osteoporosis [38], while osteo-
blast-derived exosomes con-
taining miR-503-3p can pre-
vent osteoclast differentiation
[39], highlighting extracellular

B M & _ vesicle-mediated intercellular
= . = NC-Mig regulation in bone remodeling.
OPG ..46 kDa S 20 =3 Hyperoside-Mig . . .

- 2 e . . Our in vitro studies demon-
oon QR 1oa 819 strate that hyperoside regu-
g 10 lates migrasome production

RUNX2 . - 60 kDa :g X g .p
Sos in osteoclasts, which subse-
ALP !.6‘““3a Sooll 41 11 | quently influences osteoblast
2 ALP RUNX2  OCN differentiation. Specifically, mi-

GAPDH ‘ ” 36 kDa

O
-
=)

x

Hyperoside-Mig

NC-Mig o
n
x

L

A
il ens

e RN W 'y

& ) - e ~\‘ AR,
o W el ’&
o™

Hyperoside-Mig

Figure 4. Hyperoside regulates osteoblast differentiation mediated by mig-
rasomes. A. The left panel illustrates the schematic diagram of cell treat-
ment. The right is RT-gPCR analysis, revealing mRNA levels of osteoblast
marker genes in hyperoside-induced osteoclast migrasome-treated MC3T3-
E1 cells, including Alp, Runx2, Ocn, and Opg. B. Western blot analysis dem-
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grasomes isolated from hyper-
oside-treated osteoclasts sig-
nificantly upregulated the ex-
pression of osteogenic mark-
ers (Alp, Runx2, Ocn, and Opg)
in osteoblasts, promoting their
differentiation and mineraliza-
tion. In fact, recent work has
shown that tumor cell deri-
ved migrasomes can promote
osteoclast differentiation via
direct transfer of cytoplasmic
components [40], suggesting
that migrasomes indeed play
an important role in bone
cell crosstalk. Our findings first
suggest that migrasomes ser-
ve as intercellular messen-
gers transmitting signals from
osteoclasts to osteoblasts to
regulate bone remodeling.

RNA sequencing of hyperoside-
treated migrasomes showed
an enrichment of immune-
related genes. Bone immunol-
ogy is crucial for balancing
bone remodeling and resorp-

onstrated the protein levels of ALP, RUNX2, OCN, and OPG in osteoblasts. tion, essential for skeletal

C. Alkaline phosphatase staining was used to assess osteoblast differen-
tiation. D. Alizarin Red staining detected calcium deposition induced by
osteoblasts. Student’s t-test was used to evaluate statistical significance
between the groups. *P < 0.05, **P < 0.01, and ***P < 0.001.

resorption compared to bone formation, result-
ing in bone loss [37]. Extracellular vesicles
serve as a novel mechanism mediating commu-
nication between osteoclasts and osteoblasts.
For instance, osteoclast-derived exosomes car-
rying INcRNA AW011738 can be internalized by

1966

integrity [441, 42]. For instance,
LPS increases proinflammato-
ry cytokines and inhibits osteo-
blast differentiation [43], while
inflammation expands osteo-
clast precursors, leading to bone loss [44].
Intriguingly, hyperoside treatment reduced mig-
rasome-delivered genes linked to inflammatory
pathways like NF-kappa B, TNF, and Toll-like
receptor signaling pathways. This osteoclast-
osteoblast immunoregulatory communication
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Figure 5. Hyperoside-regulated migrasomes mediate ferroptosis. (A) Transcriptional profiling of hyperoside-regulated
migrasomes derived from osteoclasts. (B) Volcano plot identified differentially expressed genes (DEGs) between the
hyperoside and control groups. (C, D) Kyoto Encyclopedia of Genes and Genomes enrichment analysis of upregu-
lated (C) and downregulated (D) DEGs in the hyperoside group compared to the control group. (E) Gene Ontology en-
richment analysis of upregulated and downregulated DEGs in the hyperoside group compared to the control group.
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somes [49, 50], a specific type
of extracellular vesicle, can
regulate ferroptosis has been
scarcely reported. Our findings
suggest a novel mechanism by
which hyperoside exerts its
osteoprotective effects thr-
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Figure 6. Hyperoside-mediated migrasomes highly express ferroptosis
repressors. A. The differentially expressed genes identified from RNA se-
quencing were intersected with ferroptosis-related genes obtained from the
GeneCards database. B. RT-qPCR analysis showing the expression levels
of Nrdal, Lcn2, Nuprl, and Zfp36 in hyperoside-induced osteoclast mig-
rasomes. Student’s t-test was used to evaluate statistical significance be-

tween the groups.

may significantly contribute to osteoporosis
pathogenesis, and hyperoside appears to res-
tore this dysregulated crosstalk by modulating
migrasome biogenesis and function. Further-
more, migrasome-mediated intercellular com-
munication may involve additional cell types
and signaling pathways.

Ferroptosis, a regulated cell death dependent
on iron and characterized by iron accumulation
and lipid peroxidation [45], is implicated in sev-
eral pathological conditions, including osteopo-
rosis [46]. Our RNA sequencing analysis found
significant links between DEGs in hyperoside-
treated osteoclast migrasomes and ferropto-
sis-related pathways (e.g., iron ion homeosta-
sis, oxidative stress, fatty acid metabolism,
and ovarian steroidogenesis). Notably, activat-
ing ferroptosis can worsen osteoporosis [47].
Previous studies report that estrogen withdraw-
al induces iron accumulation in bone tissue
and ferroptosis in bone cells, which stimulates
osteoclastogenesis and reduces bone mineral
density [48]. In our findings, key ferroptosis
repressors (Nrdal, Lcn2, Nuprl, and Zfp36)
were significantly upregulated in hyperoside-
treated migrasomes. This upregulation may
contribute to inhibiting migrasome-mediated
ferroptosis, thereby promoting osteoblast dif-
ferentiation and bone formation. Although
most studies indicate that extracellular vesi-
cles can modulate ferroptosis, whether migra-

1968

T
Nupr1 Zfp36

ough the inhibition of ferropto-
sis via migrasome regulation.

This study has several limita-
tions. First, the OVX mouse
model and in vitro cell experi-
ments cannot fully replicate
the complexity of human bone
remodeling and the osteo-
blast-osteoclast microenviron-
ment, which may limit clinical translation.
Second, although RNA sequencing data of
migrasome derived from hyperoside-treated
osteoclasts revealed ferroptosis-related ge-
nes, the functional roles of key molecules su-
ch as Nrdal, Lcn2, Nuprl, and Zfp36 were not
directly validated, and ferroptotic activity was
not experimentally confirmed. Third, it remains
unclear whether hyperoside promotes osteo-
blast differentiation primarily by increasing mig-
rasome secretion from osteoclasts or by alter-
ing the molecular cargo within migrasomes.

Conclusion

This study highlights hyperoside’s significant
therapeutic effects on osteoporosis in an OVX
mouse model. Hyperoside increases osteo-
clast-derived migrasomes, which influence
osteoblast differentiation and function, allevi-
ating osteoporosis. It also boosts ferroptosis
repressors in migrasomes, promoting osteo-
blast activity and bone formation. These find-
ings offer new insights into osteoporosis treat-
ment and suggest a theoretical basis for using
migrasomes in bone metabolic disorders.
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Table S1. Primer sequences used in the RT-gPCR analysis

Primers Sequences

18S-F CTGGATACCGCAGCTAGGAA
18S-R GAATTTCACCTCTAGCGGCG

Nrd4al-F CTTCGGCGTCCTTCAAGTTTG
Nr4al-R GGCTGGAAGTTGGGTGTAGA
Lcn2-F AGCTGTCCCCTGAACTGAAG
Lcn2-R TGATGTTGTCGTCCTTGAGG

Nupri-F GGGGAGGTCGGAAAGGTC

Nupr1-R TGGAACTTGGTCAGCAGCT

Zfp36-F CCGAATCCCTCGGAGGACTT
Zfp36-R GAGCCAAAGGTGCAAAACCA




