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Purpose: Glucocorticoid-induced osteoporosis (GIOP) is characterized by impaired osteoblast function and disrupted bone home-
ostasis during prolonged glucocorticoid exposure. This study investigated whether Spatholobus suberectus stem-derived extracellular
vesicle-like particles (SS-EVLP) could attenuate glucocorticoid-induced osteogenic impairment and explored the potential involve-
ment of NRF2/HO-1 signaling.

Methods: SS-EVLP were isolated by ultracentrifugation and characterized by transmission electron microscopy, nanoparticle tracking
analysis, and Fourier-transform infrared spectroscopy. Cellular uptake was evaluated using PKH26 labeling. In vitro, MC3T3-E1 pre-
osteoblastic cells were exposed to dexamethasone (DEX) and treated with SS-EVLP. Cell viability, apoptosis, alkaline phosphatase
(ALP) activity, mineralization, and protein expression were assessed by CCK-8 assay, flow cytometry, staining assays, immunofluor-
escence, and Western blotting. In vivo, the effects of SS-EVLP were examined in a prednisolone-induced zebrafish model by analyzing
particle distribution, skeletal mineralization, osteoblast-associated signals, ALP activity, and osteogenic- and antioxidant-related gene
expression.

Results: SS-EVLP exhibited vesicle-like spherical morphology and were mainly distributed between approximately 100 and 200 nm,
with a major peak at 146 nm. SS-EVLP were efficiently taken up by MC3T3-E1 cells and showed low cytotoxicity. In DEX-treated
cells, SS-EVLP restored cell viability, reduced apoptosis, and partially recovered ALP staining and mineralized nodule formation. The
reduced expression of RUNX2, SP7, HO-1, and NRF2 in DEX-treated cells was partially restored by SS-EVLP, accompanied by
increased nuclear NRF2 signal. In zebrafish, SS-EVLP were detectable in vivo after microinjection, attenuated prednisolone-induced
skeletal defects, restored ALP activity, and increased the expression of runx2a, sp7, nrf2, ho-1, gcle, gstp, and nqol.

Conclusion: SS-EVLP attenuated glucocorticoid-induced osteogenic impairment in vitro and in vivo, at least partly through NRF2/
HO-1 signaling. These findings support the potential of SS-EVLP as a plant-derived nanovesicle candidate for GIOP intervention.
Keywords: bone loss, pre-osteoblasts, antioxidant response, zebrafish model, herbal nanovesicles

Introduction

Osteoporosis is a metabolic skeletal disorder characterized by diminished bone mass and compromised microarchitec-
ture, leading to increased bone fragility and a heightened risk of fractures.! Globally, this condition affects over
200 million individuals, with postmenopausal women being the most vulnerable demographic.? In addition to adversely
affecting quality of life, osteoporosis imposes a significant economic burden on healthcare systems. In the United States,

the total medical expenditure for osteoporotic patients surpasses that of non-osteoporotic individuals by approximately
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$8572.15.> GIOP emerges as a secondary form of the disorder, primarily due to prolonged glucocorticoid therapy,
particularly with dexamethasone. Evidence indicates that glucocorticoids such as dexamethasone induce oxidative stress,
impair antioxidant defenses, and suppress osteogenic differentiation programs, thereby contributing to bone loss.*
Current treatments for GIOP, such as bisphosphonates, selective estrogen receptor modulators (SERMs), and parathyroid
hormone (PTH) analogs,” are constrained by side effects, limited efficacy, and poor patient adherence.® Consequently,
there is a pressing need for the development of safer and more effective therapeutic options.

Plant-derived extracellular vesicle-like particles (EVLP) are nanoscale lipid bilayer vesicles released by plant cells
that can mediate inter-kingdom communication by transferring bioactive cargos (eg, small RNAs, proteins, and lipids) to
recipient cells’ Compared with mammalian cell-derived exosomes, plant-derived EVLP offer practical advantages for
translational exploration, including broad availability, low immunogenicity, favorable biocompatibility, and scalable
production potential. Increasing evidence indicates that plant-derived EVLP can modulate oxidative stress and inflam-
matory signaling, which are key pathological drivers of glucocorticoid-related bone loss.*

Spatholobus suberectus stem (Ji Xue Teng), a traditional Chinese medicinal herb, possesses antioxidant and anti-
inflammatory properties that are closely associated with bone metabolic regulation.”'® Based on these characteristics, we
hypothesized that extracellular vesicle-like particles derived from S. suberectus stem (SS-EVLP) may alleviate gluco-
corticoid-induced osteoporosis by attenuating oxidative stress and restoring osteogenic differentiation.

In this study, SS-EVLP were isolated and characterized, and their protective effects were examined in dexametha-
sone-injured MC3T3-E1 osteoblastic cells and a prednisolone-induced zebrafish model of glucocorticoid-induced
osteoporosis. The results indicate that SS-EVLP alleviate glucocorticoid-induced osteogenic impairment and are asso-
ciated with activation of antioxidant responses, potentially involving NRF2/HO-1 signaling.

Materials and Methods

Reagents and Materials

The medicinal herb Spatholobus suberectus stem was purchased from Guangdong Provincial Traditional Chinese
Medicine Decoction Pieces Co., Ltd. (Guangzhou, China; Batch No. 231201). Cell Counting Kit-8 (CCK-8) and
Annexin V-FITC/PI apoptosis detection kits were purchased from Beyotime (Shanghai, China). The fluorescent dyes
PKH26 and DiO were obtained from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against RUNX2, SP7, NRF2,
HO-1, GAPDH and B-actin were purchased from Proteintech (Wuhan, China). Nrf2-IN-1, a pharmacological inhibitor of
NRF2, was obtained from MedChemExpress (MCE; Monmouth Junction, NJ, USA). AB wild-type zebrafish and Tg(sp7:
eGFP) transgenic zebrafish were obtained from the National Zebrafish Resource Center (Wuhan, China).

Isolation and Characterization of Spatholobus suberectus Stem-Derived Extracellular

Vesicle-Like Particles

Fresh Spatholobus suberectus stem tissue was finely minced, washed twice with distilled water, and homogenized for 3
s using a tissue grinder. The homogenized tissue fragments were then immersed in distilled water and incubated at 37 °C
for 20 h. The supernatant was collected and centrifuged at 4000 % g for 30 min to remove tissue debris, followed by
centrifugation at 10,000 x g for 30 min to further eliminate impurities. The resulting supernatant was subjected to
ultracentrifugation at 100,000 x g for 70 min to pellet S. suberectus stem-derived extracellular vesicle-like particles (SS-
EVLP). The pellet was resuspended in phosphate-buffered saline (PBS; 1%, pH 7.4; Gibco, USA) and washed again by
ultracentrifugation to obtain crude SS-EVLP. Additional PBS washing and repeated ultracentrifugation were performed
to reduce contamination by soluble proteins.

The total protein concentration of SS-EVLP was determined using a bicinchoninic acid (BCA) protein assay kit
(Beyotime, China). The assay was performed directly on the SS-EVLP suspension, and protein concentrations were
calculated using a bovine serum albumin (BSA) standard curve. The morphology of SS-EVLP was examined by
transmission electron microscopy (TEM), whereas particle size distribution was measured by nanoparticle tracking

analysis (NTA). Particle-associated signal distribution was further evaluated by flow cytometry, and molecular
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composition was characterized by Fourier-transform infrared (FTIR) spectroscopy over a spectral range of
400-4000 cm ', with prunetin (B30453, Yuanye Bio-Technology, Shanghai, China) used as a reference control.

Cell Culture and Experimental Design

MC3T3-El murine pre-osteoblastic cells were purchased from Wuhan Procell Life Science & Technology Co., Ltd.
(Wuhan, China). Cells were cultured in alpha minimum essential medium (a-MEM) supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin at 37 °C in a humidified incubator with 5% CO,. Cells were passaged at a ratio
of 1:3.

To establish the glucocorticoid-induced injury model, MC3T3-El murine pre-osteoblastic cells were exposed to
dexamethasone (DEX) at concentrations ranging from 0.1 to 500 uM for 24 or 48 h. Based on preliminary dose-response
experiments, 100 uM DEX was selected for subsequent experiments. To assess the effects of SS-EVLP alone, cells were
treated with SS-EVLP at 0, 20, 40, 60, or 80 pg/mL for 24 or 48 h. For rescue dose screening, DEX-treated cells were co-
incubated with SS-EVLP at 20, 40, 60, 80, or 100 ug/mL for 24 or 48 h. Based on the rescue effects on cell viability,
60 pg/mL SS-EVLP was selected for subsequent experiments. Unless otherwise indicated, cells were assigned to the
following groups: Control, DEX (100 uM), DEX + SS-EVLP (60 pg/mL), and SS-EVLP (60 pg/mL).

Cell Viability Assay

Cells were seeded into 96-well plates at a density of 2000 cells per well and treated as indicated above. After treatment,
10 uL of CCK-8 solution was added to each well, and the cells were incubated for 1 h. The absorbance at 450 nm was
measured using an Infinite® 200 PRO microplate reader (Tecan, Mannedorf, Switzerland).

Assessment of ALP Activity and Alizarin Red S Staining

For alkaline phosphatase (ALP) staining, cells were fixed with 4% paraformaldehyde for 15 min, rinsed with PBS, and
incubated with BCIP/NBT working solution (Beyotime, Shanghai, China) at 37 °C for 30 min. The reaction was
terminated by washing with distilled water, and images were captured under a light microscope. For Alizarin Red
S staining, cells were fixed with 4% paraformaldehyde, washed with PBS, and stained with 0.1% Alizarin Red S solution
for 30 min at room temperature. After washing thoroughly with distilled water to remove excess dye, images were
captured under a light microscope. Quantification of ALP staining intensity and Alizarin Red S-positive mineralized
areas was performed using Image] software.

Apoptosis Analysis by Flow Cytometry

After treatment, cells were collected, washed twice with cold PBS, and stained with Annexin V-FITC/PI according to the
manufacturer’s instructions. After incubation for 15 min at room temperature in the dark, samples were analyzed using
a BD FACSAria II flow cytometer, and the percentages of apoptotic cells were quantified with FlowJo software.

Fluorescence Imaging of NRF2 Localization and SS-EVLP Uptake
For immunofluorescence analysis of NRF2 localization, cells were fixed, permeabilized, blocked, and incubated
sequentially with an anti-NRF2 primary antibody and an appropriate fluorescent secondary antibody, followed by
DAPI counterstaining. NRF2 localization was observed by confocal microscopy.

For uptake analysis, SS-EVLP were labeled with PKH26 and co-incubated with MC3T3-E1 cells for 24 h. After
fixation, cells were stained with phalloidin to visualize the cytoskeleton and with DAPI to label nuclei. Intracellular
uptake of PKH26-labeled SS-EVLP was assessed by confocal microscopy.

Fluorescent Labeling of SS-EVLP

For fluorescence labeling, SS-EVLP were resuspended in Diluent C (Sigma-Aldrich), incubated with PKH26 or DiO
according to the manufacturer’s instructions for 5 min at room temperature, and then ultracentrifuged at 100,000 x g for
70 min. The pellet was washed with PBS to remove unbound dye and finally resuspended in PBS for subsequent cell or
zebrafish experiments.
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Western Blotting

Total protein was extracted using RIPA lysis buffer. Protein samples were quantified, separated by 8-12% SDS-PAGE,
and transferred onto PVDF membranes. After blocking, the membranes were incubated with primary antibodies followed
by HRP-conjugated secondary antibodies. Protein bands were visualized using an enhanced chemiluminescence (ECL)
substrate, and densitometric analysis was performed using Image Lab software. f-actin was used as the internal control.
Primary antibodies against NRF2, HO-1, RUNX2, SP7, GAPDH and B-actin were used at the following dilutions: NRF2,
1:5000; HO-1, 1:20000; RUNX2, 1:500; SP7, 1:1000; GAPDH, 1:20000 and B-actin, 1:8000. An HRP-conjugated goat
anti-rabbit IgG secondary antibody was used at a dilution of 1:5000.

Quantitative Real-Time PCR

Total RNA was extracted using TRIzol reagent and reverse-transcribed into complementary DNA (cDNA) using the
PrimeScript™ RT Reagent Kit with gDNA Eraser (RR047A; Takara, Japan). Quantitative real-time PCR (qPCR) was
performed using PerfectStart®™ Green qPCR SuperMix (AQ601; TransGen Biotech, Beijing, China) on a LightCycler®
480 Instrument II (Roche, Basel, Switzerland). Primer sequences are listed in Table 1. f-actin was used as the internal
housekeeping gene for normalization, and relative gene expression was calculated using the 272" method.
Zebrafish Model of Glucocorticoid-Induced Osteoporosis

Wild-type AB zebrafish and Tg(sp7:eGFP) transgenic zebrafish were maintained at 28.5 °C under a 14 h light/10 h dark
cycle. Embryos were exposed to prednisolone (PDN; 25 uM) from 2 to 9 days post-fertilization (dpf) to establish
a zebrafish model of glucocorticoid-induced osteoporosis.''*'? The culture medium was refreshed daily by replacing half
of the embryo medium. For SS-EVLP treatment, PDN-exposed larvae were treated with SS-EVLP at concentrations of
10, 20, or 40 pg/mL. Unless otherwise indicated, 20 pg/mL SS-EVLP was used in subsequent experiments.

In vivo Distribution of SS-EVLP in Zebrafish

DiO-labeled SS-EVLP were prepared as described above. Zebrafish embryos were anesthetized and microinjected with
DiO-labeled SS-EVLP (500 ng/uL, 2 nL per embryo) into the pericardial cavity using a PLI-100A microinjection system
(Harvard Apparatus, Holliston, MA, USA). Confocal fluorescence imaging was performed at 1 and 3 days post-injection
to assess the in vivo distribution of SS-EVLP.

Functional Assessment of Osteogenesis in Zebrafish

At 9 dpf, zebrafish larvae were collected for the evaluation of skeletal mineralization and alkaline phosphatase (ALP)
activity. For mineralization analysis, larvae were fixed in 4% paraformaldehyde, stained with 0.1% Alizarin Red S for
30 min, rinsed thoroughly with distilled water, and imaged under a stereomicroscope. ALP activity was measured using

Table | Primer Sequences for Quantitative Real-Time PCR

Genes | Forward (5'-3") Reverse (5'-3")

runx2a | ACGGTAATGGCTGGAAATGA GTCCGTCCACTGTGACCTTT

sp7 TCCAGACCTCCAGTGTTTCC ATGGACATCCCACCAAGAAG

nrf2 GCACACCGCTCACACACACACC CCGACTCAGCCGGCTCTGTTAG
gstpl CGACTGAAAGCCACCTGTGTC CTGTCGTTTTTGCCATATGCAGC
nqol TTCAGCTACTGCGGAGGAT TCTGGTTGTTTGGTGGGAG

gclc AACCGACACCCAAAGATTCAGCACT | CCATCATCCTCTGGAAACACCTCC
ho-1 ACAGAAACGCAGACCACCC CTCCAGGAAACGAGAAGAATAAA
p-actin | CGAGCTGTCTTCCCATCCA TCACCAACGTAGCTGTCTTTCTG
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a colorimetric assay kit according to the manufacturer’s instructions (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China), with 30 embryos pooled per sample. Quantification of mineralized areas was performed using
Image] software.

Whole-Mount in situ Hybridization

Whole-mount in situ hybridization for coll0ala was performed on zebrafish larvae as previously described.'>!'
Statistical Analysis

Data are presented as mean + SD. Statistical analyses were performed using GraphPad Prism 9.0 software (GraphPad
Software, San Diego, CA, USA). Comparisons among multiple groups were performed using one-way ANOVA followed
by Dunnett’s multiple-comparisons test.

Results

Physicochemical Characterization and Cellular Uptake of SS-EVLP

Transmission electron microscopy (TEM) showed that SS-EVLP exhibited vesicle-like spherical morphology
(Figure la). Nanoparticle tracking analysis (NTA) showed that SS-EVLP were predominantly distributed between
approximately 100 and 200 nm, with a major peak at 146 nm (Figure 1b). Fourier-transform infrared spectroscopy
(FTIR) was then performed to characterize their chemical composition. Compared with the spectrum of prunetin used as
a reference compound (Figure 1c¢), the SS-EVLP spectrum displayed distinct absorption peaks, indicating the presence of
characteristic molecular components in the isolated particles (Figure 1d). In addition, PKH26-labeled SS-EVLP were
detected in MC3T3-E1 pre-osteoblastic cells after incubation, whereas little signal was observed in the control group,
indicating efficient uptake of SS-EVLP by these cells (Figure le).

SS-EVLP Attenuate DEX-Induced Loss of Viability and Apoptosis in Osteoblastic Cells
CCK-8 assays were performed to evaluate the effects of SS-EVLP and dexamethasone (DEX) on the viability of
MC3T3-El cells. At 24 h, treatment with 20-80 pg/mL SS-EVLP did not reduce cell viability and instead resulted in
a modest increase relative to the untreated control (Figure 2a). A similar trend was observed at 48 h, although the
increase was less evident at the highest concentration (Figure 2d), indicating low cytotoxicity of SS-EVLP within the
tested concentration range. By contrast, DEX reduced MC3T3-E1 cell viability in a concentration-dependent manner at
both 24 h and 48 h over the tested range of 0.1-500 uM (Figure 2b and e). Cell viability progressively declined with
increasing DEX concentration, and the reduction became more pronounced at concentrations above 100 uM. Therefore,
100 uM DEX was selected for subsequent rescue experiments to ensure effective model induction while preserving
sufficient cell survival. Under 100 uM DEX exposure, co-treatment with SS-EVLP significantly restored cell viability at
both time points, with the strongest protective effect observed at 60 pg/mL (Figure 2c and f).

To further determine whether SS-EVLP affected DEX-induced apoptosis, Annexin V-FITC/PI staining was analyzed
by flow cytometry. DEX markedly increased the proportion of apoptotic cells compared with the control group, whereas
co-treatment with SS-EVLP substantially reduced apoptosis relative to the DEX group (Figure 2g and h). These findings
support a protective effect of SS-EVLP against DEX-induced apoptosis in MC3T3-E1 cells.

SS-EVLP Promote Osteogenic Differentiation and are Associated with Changes in
NRF2/HO-1 Signaling

To assess osteogenic differentiation under different treatment conditions, ALP staining and Alizarin Red S staining were
performed. Compared with the control group, DEX treatment markedly reduced ALP staining intensity and mineralized
nodule formation, whereas SS-EVLP treatment partially restored both ALP staining and Alizarin Red S staining in DEX-
treated cells (Figure 3a and b).

We next assessed the expression of osteogenic and antioxidant-related proteins. Compared with the control group, the
protein levels of RUNX2, SP7, HO-1, and NRF2 were reduced in the DEX-treated group, whereas partial restoration of
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Representative enlarged views are shown on the right. Scale bar: 100 nm. (b) Nanoparticle tracking analysis (NTA) showed the size distribution of SS-EVLP. (c) Fourier-
transform infrared spectroscopy (FTIR) spectrum of the reference compound prunetin. (d) Fourier-transform infrared spectroscopy (FTIR) spectrum of SS-EVLP, showing

characteristic absorption peaks. (€) PKH26 fluorescence labeling demonstrated cellular uptake of SS-EVLP by MC3T3-El cells. Red, PKH26-labeled SS-EVLP; green,
phalloidin; blue, DAPI. Scale bar: 100 pm.

6 https: International Journal of Nanomedicine 2026:21



Chen et al

140

Cell Viability(% of control)

S P ® &
SS-EVLP (ug/mL)
d
48 h
120~
115+ -

Cell Viability(% of control)

S
SS-EVLP (pg/mL)

® & P

Control

24 h 24 h
= 150 —~ 150-
3 Z 150
- —
g E Kk
ns o
o L 2 'ns ns o *k
Y= - v Yy *
6 100 % 100- v
S 2 ns
2 > v
g™ 3 s &
> s
5 =
[}]
© (&) 0-
Ot N OO LS SSEVPEIML S S D © © &
DEX (uM) DEX(100uM) - + + + + + +
f
150 48 h 48 h
g T = 150~
£ E
c ekkk
8 S
5 1007 % 100+
= oo Y 2
s <
3 50 = A
ﬁ % 50
> S
= 2
Q
© (&] 0-

O NN 20 P SSEVLP(ugmL) © © SO S SS
DEX (uM) DEX(100pM) - + + + + + +
h
DEX

1
m

i

1

# g WQH.T'(.):...IE‘.......‘.‘.‘S.
DEX + SS-EVLP

PLA

1

8

L AL

rrca

' 500 I 1 1
E_’ =l
40

58
=z

Apoptotic cells (%)

10?

PLA
103

1

2yl

#

102

R R P

FITCA N

Figure 2 SS-EVLP attenuates dexamethasone-induced loss of viability and apoptosis in MC3T3-E| cells. (a and d) Effects of different concentrations of SS-EVLP on MC3T3-
El cell viability at 24 and 48 h, respectively. (b and e) Effects of different concentrations of dexamethasone (DEX) on MC3T3-E| cell viability at 24 and 48 h, respectively.
(c and f) SS-EVLP-mediated restoration of cell viability in MC3T3-El cells exposed to 100 uM DEX at 24 and 48 h, respectively. (g) Representative flow cytometric plots of
Annexin V-FITC/PI double staining in the indicated groups. (h) Quantification of apoptotic cells. Data are presented as mean * SD. Statistical significance was determined by
one-way ANOVA followed by Dunnett’s multiple-comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001.

Abbreviation: ns, not significant.

International Journal of Nanomedicine 2026:21

https: 7



Chen et al

a b -
Control DEX DEX + SS-EVLP SS-EVLP <
) o =
£ £ *okokk S
= £ " **
150 2 150 —
% b ok k |
B 3 2 —
c £ 1009 p=v ‘D 1004 yXy
© IS vy E
% s v g ™
S 50 o 507 =2
2 =}
g E 3
o 5 & IS g IS
P g (&) “66 (;9 (9 xcf.) ‘b‘b
& ¥
& ¢
c d -
Control I DEX + SS-EVLP
DEX + DEX Bm SS-EVLP
Control DEX SS-EVLP SS-EVLP 25
RUNXZ‘--- - ——~——-—‘ © * KKK * *k
5204 " i M ul
SP7’— J—— _-——-—‘ % KKk % %k %k k % %k *
2 1.5
o — i i M
A —— S
HO-1 ‘ - ‘ 0104 =8 I E 2l B &
2 = I
NRF2 ‘ & & - = -t < 0.5- I =
] (4 me
B-ACTIN ’— -—---------‘ 0.0 ! ! ! .
2 S\ N 12
& & Y &
S N §
¢ f
DEX +
Control DEX SS-EVLP SS-EVLP %’\
BN
&
3 Qxé
N QY
) . & o F
(] O’ x X
= S 2
§ 0‘0 & & 0‘0

RUNX2|- — > oD

sp7 | — c— |
o
o HO-1|-- . |
=
NRF2|—- N — |
B—ACTIN|-----|
T
<<
[m)

Figure 3 SS-EVLP activates Nrf2/HO-| signaling and enhances osteogenic differentiation in MC3T3-El cells. (a) Representative images of Alizarin Red § staining and ALP
staining in the Control, DEX, DEX + SS-EVLP, and SS-EVLP groups. (b) Quantification of Alizarin Red S staining density and ALP staining intensity. (c) Representative
Western blot images of RUNX2, SP7, HO-1, and NRF2 protein expression in the indicated groups. -actin was used as the loading control. (d) Densitometric quantification
of the protein bands shown in (c). (€) Immunofluorescence staining showing NRF2 localization in MC3T3-E| cells under the indicated treatments. NRF2 is shown in red and
nuclei are stained with DAPI (blue). Scale bar: 100 um. (f) Representative Western blot analysis performed in the presence of the Nrf2 inhibitor Nrf2-IN-I. Cells were
treated as indicated, and the protein levels of RUNX2, SP7, HO-I, and NRF2 were detected. B-actin was used as the loading control. Data are presented as mean * SD.
Statistical significance in (b and d) was determined by one-way ANOVA followed by Dunnett’s multiple-comparisons test. *P < 0.05; **P < 0.01; ****P < 0.0001.
Abbreviation: ns, not significant.

8 https: International Journal of Nanomedicine 2026:21



Chen et al

these proteins was observed in the DEX + SS-EVLP group (Figure 3c). Densitometric analysis showed a similar trend
(Figure 3d). Immunofluorescence staining further showed stronger nuclear NRF2 signal in the DEX + SS-EVLP group
than in the DEX group (Figure 3e).

To further examine the role of NRF2 signaling in osteogenic marker expression, cells were treated with the NRF2
inhibitor Nrf2-IN-1. Under these conditions, the SS-EVLP-associated increases in RUNX2, SP7, HO-1, and NRF2 were
attenuated (Figure 3f). These results suggest that NRF2 signaling contributes to the regulation of osteogenic marker

expression during SS-EVLP treatment under DEX-induced stress.

In vivo Distribution of SS-EVLP in Zebrafish

To examine the in vivo distribution of SS-EVLP, DiO-labeled SS-EVLP were microinjected into Tg(sp7:eGFP) zebrafish
and imaged at 1 and 3 days post-injection. Fluorescence signals derived from SS-EVLP were detected in both the trunk
and tail regions at 1 day post-injection (Figure 4). Although the signal intensity decreased by 3 days post-injection,
fluorescence remained detectable.

SS-EVLP Attenuate Prednisolone-Induced Skeletal Defects in Zebrafish

We next evaluated the effects of SS-EVLP in a prednisolone (PDN)-induced zebrafish model of glucocorticoid-induced
osteoporosis. Alizarin Red S staining showed that PDN treatment markedly impaired craniofacial mineralization
compared with the control group, whereas SS-EVLP treatment attenuated these defects, with the most evident improve-
ment observed at 20 pg/mL (Figure 5a). In Tg(sp7:eGFP) zebrafish, PDN reduced osteoblast-associated fluorescence,
whereas SS-EVLP treatment partially restored this signal (Figure 5b). Whole-mount in situ hybridization further showed
that collOala, an osteogenic marker gene, was downregulated in the PDN group and partially restored after SS-EVLP
treatment (Figure 5c). Together, these findings indicate that SS-EVLP attenuate PDN-induced skeletal defects in
zebrafish.

SS-EVLP Enhance ALP Activity and Upregulate Osteogenic and Antioxidant-Related
Genes in PDN-Treated Zebrafish

To further assess the effects of SS-EVLP in vivo, ALP activity and osteogenic- and antioxidant-related gene expression
were examined in zebrafish larvae. PDN exposure significantly reduced ALP activity, whereas SS-EVLP treatment
restored ALP levels compared with the PDN group (Figure 6a). qPCR analysis showed that SS-EVLP significantly
increased the expression of osteogenic genes, including runx2a and sp7, as well as antioxidant-related genes, including

| Trunk | | Tail

| Merge || To(sp7:eGFPYSS-EVLP || Merge || Tg(sp7:eGFPySS-EVLP |

1 dpi Control

3 dpi

Figure 4 In vivo uptake and distribution of SS-EVLP in zebrafish. Representative fluorescence images showing the in vivo distribution of SS-EVLP in Tg(sp7:eGFP) zebrafish
following microinjection of DiO-labeled SS-EVLP. Signals were detected in the trunk and tail regions at | and 3 days post-injection, indicating in vivo distribution and
persistence of SS-EVLP. Green, Tg(sp7:eGFP); red, DiO-labeled SS-EVLP; merge, overlay of fluorescence and bright-field images. Scale bar: 500 pum.
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Figure 5 SS-EVLP attenuates prednisolone-induced skeletal defects in zebrafish. (a) Representative Alizarin Red S staining images showing craniofacial mineralization in
Control, PDN-treated, and PDN + SS-EVLP-treated zebrafish larvae. (b) Representative fluorescence images of Tg(sp7:eGFP) zebrafish showing osteoblast-associated
fluorescence in the indicated groups. (c) Whole-mount in situ hybridization showing the expression pattern of col/Oala in zebrafish larvae from different treatment groups.

Scale bar: 200 pm.

nrf2, ho-1, gcle, gstp, and nqol, relative to the PDN group (Figure 6b—h). These findings indicate that SS-EVLP
treatment is associated with restoration of ALP activity and increased expression of osteogenic- and antioxidant-related
genes in PDN-treated zebrafish.

Discussion

This study demonstrates that SS-EVLP exert protective effects against glucocorticoid-induced osteoporosis (GIOP) and
provides preliminary mechanistic insight into their action through activation of the NRF2/HO-1 signaling pathway and
enhancement of osteogenic gene expression. Both in vitro assays and zebrafish experiments showed that SS-EVLP
significantly attenuated dexamethasone-induced osteoblast dysfunction, which was manifested by reduced cell viability,
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Figure 6 SS-EVLP enhances ALP activity and upregulates osteogenic and antioxidant-related genes in GIOP zebrafish. (a) Quantitative analysis of ALP activity in zebrafish larvae
from the indicated groups. (b—h) Relative mMRNA expression levels of osteogenic and antioxidant-related genes, including runx2a, sp7, nrf2, ho-1, gclc, gstp, and nqo /. Data are
presented as mean * SD. Statistical significance was determined by one-way ANOVA followed by Dunnett’s multiple-comparisons test. **P < 0.01; ***P < 0.001; ****P < 0.0001 .

impaired differentiation, and increased apoptosis. These findings provide experimental evidence supporting SS-EVLP as
a potential therapeutic candidate for osteoporosis and highlight the feasibility of extracellular vesicle-based strategies
derived from medicinal plants.

SS-EVLP Mitigates Osteoporotic Damage
Extracellular vesicles have increasingly been recognized as important regulators of bone metabolism. However, most

studies to date have focused on vesicles derived from mammalian stem cells or animal cells,'> "7

whereas the therapeutic
potential of plant-derived extracellular vesicle-like particles in osteoporosis remains largely unexplored. In the present
study, SS-EVLP were evaluated using both dexamethasone-injured MC3T3-E1 osteoblasts and a zebrafish model of
glucocorticoid-induced osteoporosis. SS-EVLP markedly reversed dexamethasone-induced osteoblast dysfunction, as
reflected by improved cell viability, enhanced mineralized nodule formation, and reduced apoptosis. These findings
indicate that SS-EVLP can effectively counteract glucocorticoid-induced impairment of osteoblast function and suggest
their potential value as anti-osteoporotic agents.

Extracellular vesicle-based therapeutics have attracted considerable attention because of several intrinsic advantages
as biological delivery systems. Their lipid bilayer structure confers excellent biocompatibility and low immunogenicity,
thereby reducing the likelihood of immune rejection.'® Their ability to cross biological barriers may facilitate efficient
delivery of therapeutic cargos to target tissues, thereby improving therapeutic efficacy.'” In addition, extracellular
vesicles can efficiently transport diverse biomolecules—including proteins, nucleic acids, and lipids—to recipient
cells, enabling multifaceted biological regulation.”>*' Engineered vesicles have also shown improved cargo loading
efficiency and therapeutic stability.”>** Although challenges remain regarding large-scale purification and standardiza-
tion of cargo loading, extracellular vesicles are widely regarded as promising next-generation nanocarriers.>* In the
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present study, the successful isolation and biological activity of SS-EVLP provide additional support for the therapeutic
potential of plant-derived vesicles in bone-related diseases.

Mechanistic Insights: Nrf2/HO-1 Pathway and Osteogenic Regulation

The protective effects of SS-EVLP appear to be closely associated with activation of the NRF2/HO-1 antioxidant
signaling pathway and the stimulation of osteogenic transcriptional programs. The NRF2/HO-1 pathway plays a central
role in maintaining cellular redox homeostasis by regulating the expression of antioxidant genes.>> Activation of this
pathway has been shown to alleviate oxidative damage and preserve osteoblast function under glucocorticoid
exposure.”?® Consistent with these findings, SS-EVLP treatment in the present study significantly increased both
mRNA and protein levels of NRF2 and HO-1, accompanied by upregulation of the osteogenic transcription factors
RUNX2 and SP7. RUNX2 and Osterix (SP7) are key regulators of osteoblast differentiation. RUNX2 initiates the
osteogenic program by inducing SP7 expression and regulating extracellular matrix—related genes in coordination with
multiple signaling pathways, including Hedgehog, FGF, Wnt, and PTHrP.***® SP7 subsequently promotes osteoblast
maturation and mineralization, playing an indispensable role in both intramembranous and endochondral ossification.*'
The increased expression of RUNX2 and SP7 observed in this study likely contributes to the enhanced osteogenic
activity induced by SS-EVLP.

Further evidence for the involvement of this pathway was obtained using the NRF2 inhibitor Nrf2-IN-1.
Pharmacological inhibition of NRF2 partially attenuated the SS-EVLP-induced upregulation of RUNX2, SP7, and
HO-1, indicating that activation of the NRF2/HO-1 signaling axis is an important component of the observed protective
effects.

Extracellular vesicles are known to carry diverse bioactive cargo, including miRNAs and proteins, which can regulate
cellular proliferation, differentiation, and apoptosis by targeting specific molecular pathways.>*>? It is therefore possible
that SS-EVLP exert their biological activity through the delivery of regulatory molecules that influence oxidative stress
signaling and osteogenic differentiation.

Although SS-EVLP clearly enhanced NRF2/HO-1 signaling in this study, the precise molecular mechanisms
responsible for this activation remain unclear. Extracellular vesicle cargo may modulate regulators of NRF2, such as
KEAPI, or affect upstream kinases including PKC and MAPK.>**® Determining whether specific miRNAs or proteins
contained within SS-EVLP directly target the KEAP1-NRF2 axis will require further investigation. Moreover, while our
findings demonstrate a strong association between NRF2 activation and osteogenic recovery, additional mechanistic
studies—such as genetic knockdown of NRF2 or modulation of HO-1 expression—would be necessary to establish
definitive causal relationships.

Advantages and Future Applications of Plant-Derived Extracellular Vesicles

Plant-derived extracellular vesicle-like particles have recently emerged as promising natural nanocarriers because of their
low immunogenicity, high biocompatibility, and efficient cellular uptake.>” These vesicles can transport a wide range of
bioactive compounds and may enhance the stability and bioavailability of therapeutic molecules.*® Previous studies have
demonstrated that plant-derived vesicles can exert anti-inflammatory, anti-tumor, and antioxidant effects through
modulation of immune responses and intracellular signaling pathways.*

Beyond glucocorticoid-induced osteoporosis, the biological characteristics of plant-derived EVLP suggest potential
applications in other diseases associated with chronic inflammation and oxidative stress. In particular, inflammatory bone
disorders—such as arthritis-related bone erosion, periodontitis-associated alveolar bone loss, and wear particle-induced
osteolysis—may represent additional therapeutic targets for vesicle-based interventions.**** Given that oxidative stress
and inflammatory signaling are common pathological drivers across multiple skeletal disorders, the therapeutic potential
of SS-EVLP may extend beyond GIOP and warrants further investigation in other bone-loss conditions. Nevertheless,
further work is required to overcome challenges related to large-scale production, purification standardization, and
quality control before clinical translation can be realized.*> The present findings provide a foundation for future
exploration of medicinal plant-derived EVLP as therapeutic agents for bone diseases.
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Limitations and Future Directions

Despite the encouraging results, several limitations should be acknowledged. First, the present study relied on in vitro
experiments and a zebrafish model, without validation in mammalian systems such as rodents. Given the physiological
differences in skeletal biology, metabolism, and pharmacokinetics between zebrafish and mammals, the translational
relevance of the findings requires further confirmation.

Second, SS-EVLP were administered to zebrafish through immersion exposure, which differs from potential clinical
delivery routes such as systemic administration or local injection. Consequently, the exposure dynamics and effective
dosing observed in zebrafish may not directly reflect those in mammalian organisms. Future studies using glucocorticoid-
treated rodent models will be necessary to evaluate bone mineral density, histomorphometric parameters, and pharma-
cokinetic characteristics.

In addition, the specific bioactive components responsible for the therapeutic activity of SS-EVLP remain unidenti-
fied. Comprehensive characterization of vesicle cargo through proteomic and miRNA sequencing approaches may help
identify key molecules and clarify their intracellular targets, thereby facilitating the rational development of SS-EVLP-
based therapies.

Clinical Translation of SS-EVLP

Although our findings provide preclinical evidence that SS-EVLP can protect against glucocorticoid-induced osteogenic
impairment, careful evaluation will be required before clinical translation. The concentrations used in this study (60 pg/
mL in vitro and 20 ug/mL in zebrafish) were selected based on preliminary toxicity testing and previous studies of plant-
derived vesicles but cannot be directly extrapolated to human dosing. Detailed pharmacokinetic, biodistribution, and
bioavailability studies in mammalian models will be necessary to determine clinically relevant exposure levels.

Moreover, large-scale isolation, purification, and standardization of SS-EVLP remain important technical challenges.
Addressing these issues will be essential for future clinical development. Therefore, while SS-EVLP represent
a promising therapeutic strategy, comprehensive preclinical evaluation in mammalian systems will be a critical step
toward eventual clinical application.

Conclusion

This study demonstrates that extracellular vesicle-like particles derived from Spatholobus suberectus stem (SS-EVLP)
exert protective effects against glucocorticoid-induced osteogenic impairment. SS-EVLP significantly improved osteo-
blast viability, reduced apoptosis, and enhanced osteogenic differentiation in dexamethasone-injured MC3T3-El cells,
while also alleviating bone mineralization defects in a prednisolone-induced zebrafish model of glucocorticoid-induced
osteoporosis. Mechanistically, these protective effects were associated with activation of the NRF2/HO-1 antioxidant
signaling pathway and upregulation of key osteogenic transcription factors, including RUNX2 and SP7. Collectively,
these findings suggest that SS-EVLP represent a promising natural nanotherapeutic candidate for the prevention or
treatment of glucocorticoid-induced osteoporosis. Further studies in mammalian models are warranted to evaluate their
pharmacological properties and translational potential.
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