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and mechanism remain unclear. Here, we revealed the therapeutic potential of Rhizoma Drynariae-
derived nanovesicles (RDNVs) for postmenopausal osteoporosis and demonstrated that RDNVs
potentiated osteogenic differentiation of human bone marrow mesenchymal stem cells (hBMSCs) by
targeting estrogen receptor-alpha (ER«a). RDNVs, a natural product isolated from fresh Rhizoma
Drynariae root juice by differential ultracentrifugation, exhibited potent bone tissue-targeting activity
and anti-osteoporosis efficacy in an ovariectomized mouse model. RDNVs, effectively internalized by
hBMSCs, enhanced proliferation and ER« expression levels of hBMSC, and promoted osteogenic differ-
entiation and bone formation. Mechanistically, via the ER« signaling pathway, RDNVs facilitated
mRNA and protein expression of bone morphogenetic protein 2 and runt-related transcription factor 2
in hBMSCs, which are involved in regulating osteogenic differentiation. Further analysis revealed that
naringin, existing in RDNVs, was the active component targeting ER« in the osteogenic effect. Taken
together, our study identified that naringin in RDNVs displays exciting bone tissue-targeting activity
to reverse osteoporosis by promoting hBMSCs proliferation and osteogenic differentiation through
estrogen-like effects.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the
CC BY-NC-ND license (http:/creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Postmenopausal osteoporosis (PMOP) is caused by the loss of
estrogen owing to the functional failure of ovaries'”. Unbalanced
bone homeostasis resulting from bone formation by osteoblasts
and bone resorption by osteoclasts has been recognized as the
major cause of osteoporosis™*. Although diverse clinical drugs are
available for osteoporosis therapy, the severe side effects limit
their further promotion and application. For example, bisphosph-
onates, an osteoclast inhibitor, may cause excessive suppression of
bone turnover, resulting in low trauma, atypical fractures, esoph-
agitis, and atrial fibrillation’. Moreover, although estrogen
replacement therapy has a good effect on preventing PMOP, it
frequently increases the risk for endometrial, ovarian, and mam-
mary carcinomas because of its powerful estrogenic activity® .
Therefore, developing a new agent that potentiates bone formation
is of great importance.

Cell-derived nanovesicles (NVs) with nano-size membranous
structures transport biological information, including nucleic acid,
proteins, lipids, and metabolites, which are transferred between
different species and regulate the biological functions of the
organism” ', Recently, NVs secreted by mammalian cells have
been widely exploited in various biomedical applications,
including drug delivery, disease diagnosis, and tissue repair' '~ .
Interestingly, plant-derived NVs offer multiple benefits, including
biocompatibility, cost-effectiveness, eco-friendliness, and large-
scale production'*'”. Recent studies indicated that plant-derived
NVs may regulate plant innate immunity by plant cell—cell
communication'® or transfer cross-species small RNA interfer-
ence, causing fungal pathogen gene silencing'’. In addition,
bioactive components contained in plant-derived NVs could
greatly shape the gut microbiota in mice, prevent alcohol-induced
liver damage, and treat inflammatory tumors via the oral route or
tail vein injection'® 2°.

Rhizoma Drynariae, an herbal medicine with pain-relieving
and bone-strengthening properties, is commonly used in the
clinical treatment of bone-related diseases, including osteoporosis,
bone nonunion, bone fractures, and joint diseases’!"*%. However,
the problems of poor solubility and non-selective distribution of

active ingredients from traditional herbal medicines in vivo ur-
gently needed to be solved”>*. Furthermore, the effective
component of Rhizoma Drynariae in anti-osteoporosis and its
function remain unknown. In recent years, based on their low
immunogenicity, high productivity, and medicinal properties,
fresh herb-derived NVs have been investigated as suitable carriers
of natural active contents. We have reported previously that
Rhizoma Drynariae releases NVs>°, but the physiological function
of plant-derived NVs in mammalian cells remains unknown.
Because the benefits of herb-derived NVs are mainly dependent
on their bioactive ingredient®’, it is reasonable to speculate that
Rhizoma Drynariae-derived nanovesicles (RDNVs) are enriched
with specific bio-functional molecules and could be employed as
an appropriate theranostic nanoplatform.

Human bone marrow mesenchymal stem cells (h(BMSCs) play
a vital role in osteogenic differentiation and bone formation®® .
In particular, estrogen receptor-alpha (ER«) is widely used as an
important target of clinical drugs for osteoporosis treatment,
including tamoxifen and raloxifene®'. Interestingly, the osteogenic
differentiation of hBMSCs is diminished in the presence of ER«
inhibitor, while RDNVs could reverse this inhibitory effect. In the
study, we demonstrated RDNVs isolated from fresh Rhizoma
Drynariae to be an active ERa agonist. Furthermore, we revealed
that RDNVs had a potent therapeutic effect on PMOP by inducing
hBMSC osteogenic differentiation and bone formation. Moreover,
we found that RDNVs target femur tissue but without organ
toxicity. Importantly, through high-performance liquid chroma-
tography (HPLC) verification and bioinformatics analysis, we
demonstrated that naringin is a bioactive metabolite of RDNVs,
and it activates ER« signaling by promoting the expression of
bone morphogenetic protein 2 (BMP2) and runt-related tran-
scription factor 2 (RUNX2) in hBMSC:s, resulting in the activation
of osteoblast formation (Fig. 1).

Here, we obtained the natural product RDNVs, isolated and
purified from fresh Rhizoma Drynariae by differential hyperve-
locity centrifugation. Experiments in vivo indicated that RDNVs
preferentially accumulated in femur tissues, increased bone
mass, and contributed to an anti-PMOP effect. Then, through
experiments in vitro and bioinformatics analysis such as molecular
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docking, we revealed the underlying mechanism of the
pro-osteogenic properties of naringin enriched in RDNVs via
targeting of ER« signaling. Based on all of the above, the study
contributes to the development of a novel nanotherapeutic plat-
form for the treatment of PMOP via i.p. administration, which has
a promising potential for clinical transformation.

2. Materials and methods

2.1.  Materials

Fresh Rhizoma Drynariae roots were dug up from Zhaoqing City,
Guangdong Province, China. The Bicinchoninic Acid (BCA) kit
was purchased from Beyotime Biotechnology Co., Ltd. (Beijing,
China). Exosome-specific lysing solution (UR33101) was from
Umibio Science and Technology Group (Shanghai, China). ICI
182,780 was supplied by MilliporeSigma (Burlington, MA, USA).
Cell Counting Kit 8 (CCK-8) reagent was obtained from Biosharp
(Hefei, China). 1,1’-Dioctadecyl-3,3,3’,3' -tetramethylindocarbo-
cyanine perchlorate (Dil), 1,1’-dioctadecyl-3,3,3’,3'-tetramethy-
lindotricarbocyanine iodide (DiR) and TRIzol reagent were
obtained from Invitrogen (Waltham, MA, USA). Hoechst was
obtained from MedChemExpress (Monmouth Junction, NJ, USA).
A rabbit polyclonal glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibody (abs132004) was purchased from Absin
Bioscience (Shanghai, China). A rabbit polyclonal antibody
against ERa was obtained from Santa Cruz Biotechnology (Dal-
las, TX, USA). Rabbit polyclonal antibodies against BMP2
([EPR24209-61] (ab284387)) and RUNX2 ([EPR22858-106]
(ab236639)) were purchased from Abcam (Cambridge, MA,
USA). Rabbit monoclonal antibodies against smad1/5/9 and
phosphorylated (p-)smad1/5/9 were kindly provided by Dr. Cao
(Guangzhou, China). Tissue ALP activity assay kit and Naringin
were purchased from Solarbio Science & Technology Co., Ltd.
(Beijing, China). Thermolysin was obtained from Bacillus ther-
moproteolyticus by Sigma—Aldrich Inc. (St. Louis, MO, USA).
ERa Recombinant Protein was purchased from Thermo Fisher
Scientific Inc (Waltham, MA, USA).

2.2.  RDNVs isolation and purification

As shown in Fig. 1, fresh Rhizoma Drynariae and phosphate-
buffered saline (PBS) solution (1:2.5, g/mL) were placed in a
blender and chopped at a high speed for 10 min. The obtained
juices were centrifuged at 500 x g for 20 min, 2000 X g for 30 min,
and 10,000 xg for 60 min at 4 °C (Baiyang, R18, Beijing, China)
to remove the large plant tissues and cell debris. Subsequently,
RDNVs were collected by ultracentrifugation at 100,000 xg for
70 min and re-suspended in PBS. RDNVs were filtered using a
0.22 pm filter and washed once more with PBS. The protein
concentration of the samples was determined using the BCA
protein assay kit following the manufacturer’s instructions. The
resultant RDNVs were stored at —80 °C until further use.

2.3.  Physical characterization of RDNVs

The morphology of RDNVs was observed and photographed
under a transmission electron microscope (TEM) (JEM-1200EX,
JEOL Ltd., Japan). RDNVs were assayed with a Flow
NanoAnalyzer (nanoFCM) (Xiamen Fuliu Biotechnology Co.,
Fujian, China), a technique for determining small particle size

distribution profiles in suspensions using known standards. A
250 nm quality control particle calibration laser was used as a
reference for particle concentration. A mixture of particles of
different sizes (68—155 nm) was used to generate the reference
curve of the diameter distribution. The sample particle concen-
tration and size distribution were calculated using NF Profession
1.0 (Xiamen Fuliu Biotechnology Co., China).

The Triton X-100 membrane rupture test indirectly indicates
the purity of RDNVs. The RDNVs were equally divided into six
test tubes, to which 0, 0.01%, 0.025%, 0.05%, 0.1%, or 0.5%
(volume ratio to PBS) Triton X-100 was added and mixed
vigorously for 30 s. The mixture was incubated for 30 min at room
temperature and the number of particles of RDNVs was deter-
mined using a Flow NanoAnalyzer.

2.4.  RNA, protein, and lipid characterization of RDNVs

To determine whether RDNVs contain RNAs, RDNVs with and
without RNase A (Solarbio, Beijing, China) were incubated for
30 min at 37 °C. RNAs were extracted with the RNeasy Mini Kit
(QIAGEN, Hilden, Germany) and detected by 3% agarose gel
electrophoresis.

RDNVs were lysed by adding an exosome-specific lysing
solution. A 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gel was prepared according to the
PAGE Gel Rapid Prep Kit (10%) (Epizyme Biotech, Shanghai,
China). RDNV proteins (20 pg) were added in each gel well, and
the gel after electrophoresis was stained according to the
instructions of the Coomassie brilliant blue staining kit (Biosharp)
and imaged using a chemiluminescence imaging system (Clinx
Science Instruments Co., Ltd., Shanghai, China).

To purify lipids from RDNVs, RDNVs were mixed with
chloroform and methanol in a ratio of 3:8:4 (v/v/v) and centrifuged
at 10,000 xg for 10 min, after which the sample was divided into
three layers (the upper water, middle protein, and bottom lipid
layers). The bottom layer was collected and dried at 100 °C.
Subsequently, it was resuspended with chloroform, and the lipids
were detected by thin-layer liquid chromatography (TLC).

2.5.  Experimental animals

Female C57BL/6J mice aged 8 weeks were purchased from RuiYe
Laboratory Animal Corporation (Guangdong, China) and the
Animal Experiment Center of Guangzhou University of Tradi-
tional Chinese Medicine (Guangdong, China) and maintained in
specific pathogen-free cages with standard food and water.
Humane care was provided to each animal during the experiments
according to the criteria outlined in the Guide for the Care and Use
of Laboratory Animals published by the National Institutes of
Health (NIH) (National Research Council 2011). All experimental
procedures were executed according to the protocols approved by
the Guangzhou University of Chinese Medicine Animal Care and
Use Committee (20201201001).

2.6.  Invivo imaging experiments

To track the in vivo biodistribution of RDNVs after intravenous
injection (i.v.) or intraperitoneal administration (i.p.), a near-
infrared fluorescence probe (DiR) was used to label RDNVs.
DiR solution (10 pmol/L) was added to an RDNVs suspension of
1 x 10" particles and incubated for 30 min at 37 °C in the dark.
Finally, the free DiR was removed by ultracentrifugation at
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100,000 x g for 70 min at 4 °C, the precipitate was washed three
times with PBS, and the purified DiR-labeled RDNVs were ob-
tained. DiR-labeled RDNVs were administered to C57BL/6J mice
at an equivalent DiR concentration (5 x 10'" particles/kg body
weight) via an i.v. or i.p. route. The mice were euthanized at 6, 24,
48, or 72 h after administration to obtain the femurs and main
organs (heart, liver, spleen, lung, and kidney). Images were
captured using an IVIS spectrum imaging system Lumina III
(PerkinElmer, MA, USA). PBS or free DiR application was
considered as a control in this study.

2.7.  Invivo cellular uptake profiles of RDNVs

Female C57BL/6J mice aged 8 weeks were euthanized by neck
dislocation after i.v. administration of Dil-labeled RDNVs
(5 x 10'" particles/kg body weight) for 12, 24, 48, or 72 h. The
surrounding tissues were removed rapidly, the femur and tibia
were separated, and bone-biting forceps were used to remove the
epiphysis. PBS was used to repeatedly wash out the medullary
cavity until the osseous substance appeared slightly bright. The
washing fluid of the medullary cavity was collected and simul-
taneously labeled with scoa-1-FITC, a positive marker on the
surface of mouse bone marrow mesenchymal stem cells for FCM.

2.8.  Osteoporosis animal model and in vivo anti-osteoporosis
experiments

Female C57BL/6J mice aged 8 weeks were anesthetized with 10%
pentobarbital by i.p. administration. The mice were then randomly
assigned to the following groups (z = 3 in each group): sham-
operated (Sham), and ovariectomized (OVX). After 12 weeks,
the mice were treated with RDNVs of 1 x 10° (low concentration)
and 2 x 10° (high concentration) particles/uL (volume 100 pL)
via i.p. administration every other day for 3 weeks after the Sham
and OVX operation. Mice of the control and Sham group were
given the same dose of PBS as a placebo. Following RDNVs
treatment, the mice were euthanized by cervical dislocation, and
the femurs were collected for further analysis, including
micro-computed tomography (micro-CT) imaging, determining
bone-related indexes and hematoxylin-eosin staining. Tissues
(liver, spleen, kidneys, femur) and eye blood were collected for
evaluation of RDNVs biocompatibility. The levels of serum Ca
and liver function-related parameters (serum alanine transaminase
(ALT), total protein (TP)) and kidney function-related parameters
[blood urea nitrogen (BUN) and serum creatinine (Crea)] from
control and RDNVs-treated mice were detected by Automatic
Biochemical Analyser (AU5800, Beckman Coulter, CA, USA).
ALP in femoral tissue was detected by Enzyme-linked immuno-
sorbent assay (ELISA).

2.9.  Micro-CT analysis

Three months after OVX surgery, mouse femurs were collected,
fixed in 4% PFA for 48 h at 4 °C, and scanned with a Scanco mCT
50 (Scanco Medical, Zurich, Switzerland) set to a voltage of
70 kV and a resolution of 10 um. For the femurs, 100 slices below
the femur growth plate were measured for three-dimensional
reconstruction and trabecular bone quantification, and 30 slices of
the cortex bone area in the middle of the femur were reconstructed
for statistical analysis. To examine the trabecular structures of the
femurs, the following six parameters were calculated: bone
mineral density (BMD, g/mm3), bone volume (BY, mm’® ), bone

volume ratio (BV/TV, %), trabecular number (Tb. N, 1/mm),
trabecular pattern factor (Tb. Pf, 1/mm), and structure model
index (SMI, 1).

2.10. The hBMSC identification and culture

The hBMSCs were laboratory-frozen cell lines (BluefBio,
Shanghai, China). CD34-fluorescein isothiocyanate (FITC),
CD44-FITC, CD73-FITC, and CD105-FITC mouse anti-human
monoclonal antibodies as well as isotype antibody IgGl (2 pL
each test), respectively, were added in cell suspension
(3 x 10° cells in 100 pL). The mixture was first incubated for
30 min at room temperature followed by 30 min in the dark after
adding the secondary antibody. Flow cytometry (FCM) (BriCyte
E6; Mindray Biotechnology Co., Guangdong, China) was adop-
ted to identify the expression of specific surface markers of
hBMSCs.

2.11.  Osteogenic differentiation and alizarin red staining (ARS)
staining of hBMSCs

To confirm the pro-osteogenic property of RDNVs, the osteogenic
differentiation assay for hBMSCs was performed. In brief,
hBMSCs were seeded in six-well plates at a 1 x 10° cell density
per well. The osteogenic-inducing complete medium (CM) con-
sisted of Dulbecco’s modified Eagle’s media (DMEM) containing
Nutrient Mixture F-12, 10% fetal bovine serum (FBS), 1%
penicillin—streptomycin mixed solution, 0.1 pmol/L. dexametha-
sone, 10 mmol/L §-glycerophosphate and 50 pg/mL ascorbic acid.
hBMSCs were exposed to RDNVs suspensions (20 pg/mL in
2 mL) with or without 1 pumol/L ICI 182,780 for 14 days. As a
positive control, hBMSCs were exposed to osteogenic-inducing
CM with or without 1 umol/L ICI 182,780 for 14 days. Half the
volume of the CM of all groups was changed every 3 days
thereafter. Cells were collected for ARS, quantitative reverse
transcription-polymerase chain reaction (QRT-PCR), and Western
blotting on Days 7 and 14 of osteogenic differentiation induction.

2.12.  Cell viability assay

The hBMSCs were grown in 96-well plates at a final density of
1 x 10? cells per well and incubated overnight. Subsequently, the
CM was exchanged to a serum-free medium containing RDNVs
(protein concentration: 20 pg/mL) and co-incubated for 24, 48,
or 72 h. Following incubation, the cells were rinsed with PBS to
remove excess RDNVs, CCK-8 reagent was added, and the cells
were incubated at 37 °C for 2 h. Finally, the absorbance was
measured at 450 nm using a microplate reader (RaytoRT-2100C;
Rayto Life and Analytical Sciences Co., Ltd., Shenzhen, China) to
determine cell viability.

2.13.  Invitro cellular uptake profiles of RDNVs

To quantitatively and qualitatively study the cellular uptake pro-
files of RDNVs, an orange-red fluorescence probe (Dil) was used
to label these NVs. Dil solution (10 pmol/L) was added to RDNVs
suspension of 1 x 10'! particles and this mixture was incubated
for 30 min at 37 °C in the dark. Free Dil was removed by
ultracentrifugation at 100,000 xg for 70 min at 4 °C, and the
precipitate was washed three times with PBS. Finally, purified
Dil-labeled RDNVs were obtained, and protein concentration was
determined by a BCA kit.
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The hBMSCs were seeded in 6-well plates at a density of
1 x 10° cells per well and incubated overnight. Subsequently, the
complete culture medium was exchanged with serum-free medium
containing Dil-labeled RDNVs (protein concentration: 10 and
20 pg/mL). Following co-incubation for 6, 12, 24, and 48 h at
37 °C, the cells were washed three times with PBS to remove the
excess NVs and re-suspended in PBS for FCM analysis. Or
hBMSCs were fixed with paraformaldehyde solution (PFA, 4%,
v/v) for 10 min. Hoechst33343 was used to stain the nucleus.
Finally, fluorescent images of the cells were acquired using a
fluorescence microscope (Leica, Weztlar, Germany).

To determine the effects of temperature on RDNVs internali-
zation, hBMSCs were incubated with 20 pg/mL of Dil-RDNVs
for 24 h at 37, 22 and 4 °C, after washing with 3 times PBS, cells
were fixed with 4% PFA for 15 min. Finally, cells were coverslip-
mounted with Hoechst33343 and FITC-Phalloidin for fluores-
cence imaging.

To investigate the possible internalization mechanism,
special inhibitors [indomethacin (100 pmol/L), chlorpromazine
(25 pmol/L), amiloride (250 pmol/L), and cytochalasin D
(10 pmol/L)] were first incubated with hBMSCs for 1 h at 37 °C,
then 20 pg/mL of Dil labeled RDNVs were added for additional
48 h incubation. After washing with 3 times PBS, cells were fixed
with 4% PFA for 15 min. Finally, cells were coverslip-mounted
with Hoechst33343 and FITC-Phalloidin for fluorescence imaging.

2.14.  RNA isolation, reverse transcription, and real-time PCR

Total RNA was isolated using TRIzol reagent according to the
manufacturer’s instructions and quantified by determining
the absorbance at 260 nm. The total RNA (1 pg) was incubated
with 5 x Primescript RT Master Mix 2 pL (Takara Standard Co.
Ltd., Osaka, Japan) at 85 °C for 5 s and cooled immediately on
ice. The cDNA was amplified in a reaction mixture containing
SYBR Green PCR Master Mix (Cowin bio, Taizhou, China) and
1 mmol/L gene-specific primer using a PCR kit (QIAGEN). The
amplification protocol consisted of an initial step of 95 °C for
5 min followed by 40 cycles of 95 °C for 10 s, 60 °C for 15 s and
72 °C for 20 s. Fold changes of mRNA were calculated by the
274AC method after normalization to the GAPDH expression.
Supporting Information Table S1 shows the list of the qPCR
primers used.

2.15.  Western blot analysis

The hBMSCs were lysed in RIPA Lysis buffer (Beyotime,
Shanghai, China) containing 1% protease inhibitor cocktail
(Sigma—Aldrich, St. Louis, MO, USA), 1 mmol/L phenyl-
methylsulfonyl fluoride (Sigma—Aldrich) and 1 mmol/L phos-
phorylase inhibitor (Sigma—Aldrich) for 30 min. Protein
concentrations were assessed using a BCA protein assay reagent.
Subsequently, 20 mg total protein was separated by SDS-PAGE on
a 10% gel and transferred electrophoretically to a nitrocellulose
filter membrane (HATF00010, Millipore, Billerica, MA, USA).
BMP2, ERa, and GAPDH antibodies were used at a dilution of
1:1000. The RUNX2 antibody was purchased from Boster
(Shanghai, China) and used at a dilution of 1:500.

2.16.  Metabolomics and bioinformatics analysis

The effective biological components of RDNVs were further
investigated through metabolomics and bioinformatics analysis.

Lyophilized RDNVs were mixed with 400 pL methanol, and
100 pL processed RDNV sample was aspirated with a syringe.
The non-targeted metabolomics data of the RDNVs samples were
detected using a liquid mass spectrometry system consisting of a
high-performance liquid chromatograph (Thermo Fisher Scientific
Dionex U3000 UHPLC, Waltham, MA, USA) and a tandem high-
resolution mass spectrometer (Thermo Fisher Scientific QE,
Waltham, MA, USA).

The active ingredients of RDNVs were retrieved from the
Chinese medicine comprehensive database (TCMID, http://119.3.
41.228:8000/tcmid/), the Chinese medicine systematic pharma-
cology database and analysis platform (TCMSP, https://tcmspw.
com/tcmsp.php), and the Chinese medicine evidence association
database (SymMap, https://www.symmap.org). The metabolomic
components of the obtained RDNVs were intersected with those
of Rhizoma Drynariae to obtain common components between
them.

2.17.  Surface plasmon resonance (SPR)

To-be-tested substances were assayed by ER« protein binding
assay (SPR method) in collaboration with Shanghai Medicilon
Inc. Briefly, different concentrations of positive control Estradiol
or experimental drug Naringin were bound 1:1 to 50 pg/mL ESR1
(ER«) pH 4.5 using an instrument Biacore 8K (GE Healthcare).
CMS5 microarray activation: 400 mmol/L EDC and 100 mmol/L
NHS 10 pL/min flow rate for 600 s; microarray coupling: the
target protein was activated for 600 s; microarray coupling: the
target protein was activated for 600 s by 400 mmol/L EDC and
100 mmol/L NHS 10 pL/min flow rate. Activation: 400 mmol/L
EDC and 100 mmol/L NHS at a flow rate of 10 pL./min for 600 s.
Microarray coupling: target protein ER alpha was diluted to
50 pg/mL with 10 mM sodium acetate (pH 4.5) at a flow rate of
5 pL/min for 2000 s. Microarray closure: 1 mol/L ethanolamine
was closed at a flow rate of 10 pL/min for 600 s. Input analysis:
The sample was analyzed by 4-fold dilution of the target protein
starting from 500 pmol/L in PBS (pH 7.4), and a total of 7 tests
were performed at a flow rate of 10 pL/min for 180 s for binding
and 180 s for dissociation.

2.18.  High-performance liquid chromatography (HPLC)

RDNVs (10 mL, 1 x 10'" particles/mL) were evaporated to
dryness at 100 °C, dissolved in methanol, and transferred to a
flask. Following refluxing, sonication, and filtration, the mixture
was evaporated to 1 mL in a 100 °C water bath. The mobile phases
were acetic acid and methanol, and the wavelength was 283 nm.
There were three standard ingredients naringin, narirutin, and
naringenin. The naringin standard was tested with five concen-
tration gradients (60, 30, 15, 7.5, and 3.75 pg/mL) and a standard
curve was generated (Supporting Information Fig. S1).

2.19.  Drug affinity responsive target stability (DARTS)

Make a starting stock concentration of 50 mmol/L compounds,
dilute the compound to 25 mmol/L with 1x TNC (10 x TNC:
500 mmol/L Tris-HCI (pH8.0), 500 mmol/L. NaCl, 100 mmol/L
CaCl2). Add either 0.8 pL of 25 mmol/L Naringin to 40 pL. ER«
Recombinant Protein, and 0.8 uL. 50% DMSO was added to the
vehicle group (1x TNC). Incubate ER«a with the solutions for
60 min at room temperature. On the ice, establish serial dilutions
(Thermolysin: ERa protein ratios: 1:10, 1:50, 1:250) of freshly
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thawed Thermolysin solution in 2 x TNC. Add 10 pL of the range
of Thermolysin solutions in each sample. After 60 min, halt
digestion via the addition of 5 pL of 0.5 mol/L EDTA. Dilute
samples with the appropriate volume of NuPAGE™ LDS Sample
Buffer and boil at 95 °C for 5 min. Next, the samples were
subjected to SDS-PAGE analyses.

2.20.  Statistical analysis

The data are expressed as the mean & SEM. Significance between
experimental groups was determined by independent sample
t-tests or chi-square tests (only for the comparisons of positive cell
ratios) using SPSS 24.0. Values of *P < 0.05 (two-tailed) were
statistically significant. Bar charts were produced using GraphPad
Prism 9 software.

3. Results

3.1.  Physicochemical characterization of RDNVs

RDNVs were obtained and purified from fresh Rhizoma Drynariae
by differential centrifugation (Fig. 1). Transmission electron mi-
croscope (TEM) showed a typical cup-shaped vesicle structure
and an intact cell membrane structure (Fig. 2A). Flow
NanoAnalyzer revealed that the RDNVs had a mean particle size

distribution of 75.7 £ 15.8 nm (Fig. 2B). Therefore, the mean
particle sizes of RDNVs determined by TEM and Flow
NanoAnalyzer were consistent. The yield of RDNVs extracted
from 1 kg fresh Rhizoma Drynariae was approximately 20 mg. Its
purity was approximately 4.17 x 10" particles/mg. Based on
membrane structure, we performed membrane solubilization using
Triton X-100, a surfactant that disrupts membrane integrity. The
particle concentration of RDNVs gradually decreased with
increasing Triton X-100 concentration, and compared with an
absence of Triton X-100, the number of particles when treated
with 0.5% Triton X-100 decreased significantly to 28% (Fig. 2C).
Nanoview examination showed an electric potential of
—43.2 + 0.04 mV (Fig. 2D).

To investigate the stability of RDNVs in vitro, three batches of
RDNVs were subjected to different pH conditions to simulate the
intragastric (pH = 1.2) and intestinal (pH = 6.5) environment
and the results show that particle size and concentration were
stable (Supporting Information Fig. S2). Therefore, we could
isolate stable, reliable, and abundant RDNVs from the natural
traditional Chinese medicine Rhizoma Drynariae.

Cell-derived NVs are present in most body fluids containing
proteins, RNAs, and lipids**. We investigated the RNAs, proteins,
and lipids of RDNVs by agarose gel electrophoresis, poly-
acrylamide gel electrophoresis, and TLC, respectively. We found
that RDNVs contained small-molecular-weight (15—35 kDa)
proteins, large molecular weight RNAs sensitive to degradation by
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Figure 1

Schematic illustration of RDNVs reverse osteoporosis by potentiating osteogenic differentiation of hBMSCs via targeting estrogen

receptor & (ERa) signaling. RDNVs, a natural product isolated from fresh Rhizoma Drynariae root juice by differential ultracentrifugation,
exhibited potent bone tissue-targeting activity and anti-osteoporosis efficacy in an ovariectomized mouse model. RDNVs, effectively internalized
by hBMSCs, enhanced proliferation and ER« expression levels of hBMSC, and promoted osteogenic differentiation and bone formation.
Mechanistically, via the ER« signaling pathway, RDNVs facilitated mRNA and protein expression of bone morphogenetic protein 2 and runt-
related transcription factor 2 in hBMSCs, which are involved in regulating osteogenic differentiation. Further analysis revealed that naringin,
existing in RDNVs, was the active component targeting ER« in the osteogenic effect.
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Identification and physicochemical characterization of RDNVs. (A) The morphology of RDNVs determined by TEM (scale

bar = 50 nm). (B) The particle size distribution of RDNVs was detected by Flow NanoAnalyzer. (C) RDNVs were incubated with TritonX-100
and its Purity is indirectly demonstrated by membrane rupture efficiency. Data are presented as mean £ SD (n = 3), *P < 0.05, ****P < 0.0001.
ns, no significance. (D) Surface charge of RDNVs determined by Nanoview. The main components in RDNVs: (E) proteins incubated with or
without ProteinaseK determined by SDS-PAGE, (F) RNAs incubated with or without RNase determined by agarose gel electrophoresis and
(G) total lipids determined by TLC. (H) The standard ingredients naringin, narirutin and naringenin and their contents in RDNVs were determined
by HPLC. Chromatographic column: Megres C18 (4.6 mm x 150 mm, 5 pm). (I) Comparison of the concentration of the three active ingredients
(Naringin, Narirutin, Naringenin) in RDNVs. Data are presented as mean £ SD (n = 5), ****P < 0.0001.

ribonuclease and different forms of lipids (Fig. 2E-G), indicating
that RDNVs may play a role in intercellular signaling as well as a
wide range of biological functions through the proteins, RNAs,
and lipids.

The traditional Chinese medicine characteristic map technol-
ogy is applied to evaluate the quality of medicinal materials with
good stability and accuracy. To determine whether the obtained

RDNVs shared the characteristic map with Rhizoma Drynariae,
we obtained High-Performance Liquid Chromatography (HPLC)
profiles according to the national drug standard of “Gusuibu
Peifangkeli” issued by the State Drug Administration. There were
four characteristic peaks in the chromatogram of the RDNVs
sample, which corresponded to those in the reference substance
of Rhizoma Drynariae (Supporting Information Fig. S3A). The
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peak corresponding to the naringin reference substance is the S
peak or peak 4, which was found to be present in RDNVs
(Fig. S3B-S3D). The relative retention time was within +10%
of the specified value: 0.40 (peak 1), 0.41 (peak 2), and 0.89 (peak
3). Specified values were: 0.44 (peak 1), 0.45 (peak 2), and 0.89
(peak 3). The characteristic profiles of RDNVs were stable from
batch to batch.

To determine the main components of RDNVs, we further
quantified narirutin, naringin, and naringenin by comparing them
against the standards of the three flavonoids by HPLC. The results
showed that naringin existed in RDNVs with a concentration of
approximately 0.3 pg/mL (n = 5), whereas there was very little
narirutin and naringenin in RDNVs. The concentration of naringin
in different batches of RDNVs was stable (Fig. 2H and I). Overall,
these results indicated that naringin, which existed in RDNVs, is
involved in these NVs exerting their promising effects on targeting
the bone and the treatment of PMOP.

3.2.  RDNVs are bone-targeted in vivo

Both intravenous (i.v.) injection and intraperitoneal (i.p.)
administration are common modes of administration. To deter-
mine the distribution of RDNVs in vivo, DiR-labeled RDNVs
(5 x 10" particles/kg body weight) were administered to fe-
male C57BL/6J mice. As presented in Supporting Information
Fig. S4, RDNVs were gradually accumulated in the femur for 48 h
by i.v. injection. The maximum enrichment amount of RDNVs in
the femur was found at the time point of 48 h after both i.v. in-
jection (Fig. 3A and C) and i.p. administration (Fig. 3B and D).
Moreover, the maximum fluorescence intensity of the femur in the
RDNVs (i.v.)-treated group was much stronger than that in the
RDNV (i.p.)-treated group (Fig. 3C and D). Subsequently, the
distribution profiles of RDNVs in the five major organs (heart,
liver, spleen, lung, and kidney) at different time points (12, 24, 48,
and 72 h) were investigated. Significant quantities of RDNVs were
observed in the liver following i.v injection and i.p administration,
with a lesser presence in the spleen and lung. Additionally, the
fluorescence signals of RDNVs in these three organs exhibited a
slight decline within 24 h post-administration (Fig. 3C and D).
Furthermore, to identify the beneficial role of RDNVs in i.v. and
1.p. delivery of their components, the in vivo distribution profile of
free DiR fluorescence dye was also investigated. As shown in
Fig. 3A, some DiR dye was detected in the liver, spleen, and lung
after i.v. administration, but no free DiR dye was distributed in the
femur, in comparison with the mouse group that received i.v.
DiR-labeled RDNVs. Consistent with this, some DiR dye was
distributed in the liver and spleen and minimal DiR was in the
lung and kidney after i.p. administration, but no free DiR dye was
detected in the femur, in comparison with the mouse group that
received i.p. DiR-labeled RDNVs (Fig. 3B). These observations
implied that i.p. administered RDNVs were maintained stably in
the mouse body, entered the circulatory system, and accumulated
in the femur sites.

To further verify the targeting properties of RDNVs to bone
tissues, we isolated mouse bone marrow mesenchymal stem cells
(mBMSCs) of the femur from female C57BL/6J mice after i.v. and
i.p. injection of Dil-labeled RDNVs at different time points (48 and
72 h), and the efficiency of Dil-labeled RDNVs labeling of
mBMSCs was determined. Fig. 3E and F show that the positive rate
of Dil-labeled RDNVs uptake by mBMSCs in vivo could reach
>35% at 48 h. Overall, these results indicated that on RDNVs
treatment, RDNVs were taken up in vivo by BMSCs in the femur.

3.3.  RDNVs mitigate bone loss in vivo

To evaluate the therapeutic effects of RDNVs against PMOP, an
ovariectomized (OVX) mouse model was established. Intraperi-
toneal (i.p.) injection prevents NVs from entering the circulation
directly greatly reduces the clearance of the liver and spleen™, and
is much more secure and operable than i.v. injection. Mouse was
treated with RDNVs once every 2 days at a dose of 1 x 10" (low
concentration) or 5 x 10'" (high concentration) particles/kg body
weight via i.p. injection for 3 weeks (Fig. 4A). Serum calcium and
femoral alkaline phosphatase (ALP) activity were measured in
mice, and the results showed that RDNVs reversed the bone cal-
cium deficiency and femoral ALP elevation caused by osteopo-
rosis (Fig. 4B). Right femurs were obtained and subjected to
micro-CT analysis of the trabecular architecture. As shown in
Fig. 4C, compared to Sham (control) mice, the trabecular structure
of distal femurs in OVX mice was severely impaired. In quanti-
tative analyses, the bone mineral density (BMD), bone volume
(BV), BV/TV, and trabecular number (Tb. N) were largely
reduced, whereas the trabecular pattern factor (Tb. Pf) and
structure model index (SMI) were increased in OVX mice
compared to sham mice (Fig. 4D), indicating that the success of
our OVX model in terms of bone loss. Importantly, RDNVs at the
high dosage concentration (2 x 10° particles) reversed the
ovariectomy-induced disorder of the trabecular architecture
(Fig. 4C). RDNVs treatment suppressed the ovariectomy-induced
reduction of the BMD, BV, BV/TV, and Tb. N and inhibited the
ovariectomy-induced increase of the Tb. Pf and SMI (Fig. 4D).
Taken together, these results demonstrated that RDNVs could
effectively alleviate bone loss in vivo to prevent or reverse
0steoporosis.

To evaluate the pharmaco-toxicological characteristics of
RDNVs, we subsequently analyzed in vivo RDNVs biocompati-
bility via i.p. administration of RDNVs or PBS into mice once
every 2 days for 3 weeks. Strikingly, we found no apparent signs
of tissue impairments in the major organs (liver, spleen, kidney, or
femur) and serological abnormality in liver or kidney function-
related parameters from two mouse groups (Fig. 4E and F).
Compared with the risk for nephrotoxicity in long-term Rhizoma
Drynariae use in clinical treatment, repeated RDNVs administra-
tion via the i.p. route appeared relatively safe for organisms.
Collectively, RDNVs extracted from fresh Rhizoma Drynariae
could be considered natural drug-loaded NVs and have a prom-
ising potential in PMOP treatment without loading additional
drugs.

3.4.  RDNVs could be taken up by hBMSCs in vitro

Bone marrow mesenchymal stem cells (BMSCs) have
strong osteogenic differentiation potential and are excellent
seed cells for bone tissue engineering®. The active
components of the natural NVs exert their biological functions
mainly within cells, thus their cellular uptake by hBMSCs is
essential.

To verify the successfully obtained primary hBMSCs, we first
performed marker identification on the collected cells. Specific
surface markers of hBMSCs, including being negative for CD34
and positive for CD29, CD73, and CD105, were identified via flow
cytometry to confirm that the cells collected were hBMSCs
(Fig. 5A). To demonstrate that RDNVs can be taken up and
absorbed by hBMSCs, RDNVs were labeled using the lipophilic
fluorescent dye Dil. Dil-labeled RDNVs (orange-red fluorescence)
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kidney and femur after i.v. administration of PBS, DiR and DiR-labeled RDNVs in mice at different time points (12, 24, 48, and 72 h). (B)
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were internalized by hBMSCs, and these NVs were mainly
distributed in the cytoplasm around the nucleus (Fig. 5B). The
cellular uptake of Dil-labeled RDNVs by hBMSCs increased in a
time-dependent manner (Fig. 5C and D). Following co-incubation
for 48 h, the cell internalization percentage of Dil-labeled
RDNVs by hBMSCs reached >90%. In addition, there was a
concentration-dependent effect of Dil-labeled RDNVs, whereby
the cell internalization percentages of 20 pg/mL RDNVs were
higher than those of 10 pg/mL RDNVs at all the time points.
These results suggested that 20 pg/mL. RDNVs were more
effectively internalized by hBMSCs at 48 h.

To discover the effect of temperature on RDNVs internaliza-
tion, Dil-RDNVs (20 pg/mL) were incubated with hBMSCs for
48 h under different temperatures (4 °C, 22 and 37 °C), and cell
internalization is influenced by temperature (Fig. SE), with the
optimum internalization temperature being 37 °C.

To investigate the potential endocytosis mechanism of RDNVs,
Dil-RDNVs (20 ng/mL) were added for incubate 48 h after four
endocytosis inhibitors (Indomethacin, amiloride, cytochalasin D,
and chlorpromazine) were incubated for 1 h with hBMSCs™. Four
endocytosis inhibitors could significantly inhibit the internaliza-
tion of RDNVs (Fig. 5F), indicating caveolae-mediated endocy-
tosis involved in RDNVs’ cellular uptake.

3.5.  Pro-proliferative and pro-differentiation activities of
RDNVs to hBMSCs in vitro

Considering that RDNVs contained a considerable amount of anti-
PMOP metabolites, their pro-proliferative activities on hBMSCs
were evaluated using the CCK-8 assay. RDNVs displayed clear
pro-proliferative capacities for hBMSCs after co-incubation at 24
and 48 h (Fig. 6A). Moreover, we found that RDNVs exerted the
most significant promotional effect on hBMSCs at an intermediate
protein concentration (20 pg/mL) but not at 10 pg/mL, which
could be interpreted as these natural NVs displaying pro-
proliferative activities at a moderate reaction time and protein
concentrations (20 pg/mL). To verify the biosafety of RDNVs
against hBMSCs, an apoptosis assay was conducted (Fig. 6B).
There was no significant difference in the apoptosis rate at any of
the time points between any of the different concentrations (10
and 20 pg/mL) of RDNVs, indicating that they had no effects on
hBMSC:s to inhibit their apoptosis.

Because the flavonoid structure is similar to that of estrogen
and Rhizoma Drynariae has phytoestrogen-like effects™, we
hypothesized that RDNVs isolated from fresh Rhizoma Drynariae
acted as an ERa agonist to activate the estrogen pathway. To
further characterize RDNVs as an ER«a modulator, we investigated
whether RDNVs directly upregulated ERaee mRNA. We found that
RDNVs time-dependently enhanced ERa mRNA expression
levels during hBMSC proliferation (Fig. 6C). After 48 h inter-
vention with hBMSCs at 20 pg/mL RDNVs, the relative
expression levels of ERa mRNA in hBMSCs increased signifi-
cantly. However, whether RDNVs promoted hBMSC osteogenic
differentiation and its mechanism need to be further investigated.

Considering that RDNVs acted as an ER« agonist, we inves-
tigated whether they could induce osteogenic differentiation like
estrogen”’. Calcium deposits, an indication of successful osteo-
blast formation in vitro, can be specifically stained by Alizarin
Red S (ARS)*®. Mineralization-inducing solution induced calcium
deposits in hBMSCs, which was potently enhanced by RDNVs
(20 pg/mL, Fig. 6D). RDNVs induced significantly greater oste-
ogenic differentiation of hBMSCs compared with the control,

which was attenuated by ICI 182,780 (fulvestrant, ER antagonist)
(Fig. 6D)*’. Furthermore, we investigated the underlying mecha-
nism of RDNVs’ actions in osteogenic differentiation of hBMSCs.
Runx2 is the master transcriptional factor inducing osteogenic
differentiation and is induced by the classical BMP/Smad
signaling pathway’’. BMP2, a core BMP family member, plays an
important role in promoting osteoblast differentiation®’. Interest-
ingly, estrogen enhanced the effects of BMP2 on osteogenic
differentiation by inducing BMP2 gene transcription’’. ERa
up-regulation and ERa-induced Runx2 and BMP2 mRNA
expression by RDNVs on Days 7 and 14 suggested that they may
activate ER« signaling (Fig. 6E—-G). Interestingly, the promotive
effects of RDNVs on ERa-induced Runx2 and BMP2 activation
were blocked by fulvestrant. BMP2 is a key regulator of osteo-
genesis. BMP2 regulates target genes such as RUNX2 and Osx by
binding to type I and type II serine/threonine kinase receptors on
target cells, which in turn phosphorylate downstream Smad1/5/9.
Phosphorylated Smad1/5/9 can bind to Smad4 to form complexes
that translocate into the nucleus. Consistent with this, RDNVs
potently increased the protein expression levels of ER«, as well
as of Runx2, BMP2, and Smadl/5/9, markers of osteogenic
differentiation, in the induced hBMSCs. These data indicated that
the BMP2-dependent effect of RDNVs occurred via activating
ERa« signaling.

3.6. RDNVis potentiate osteogenic differentiation of hBMSCs via
ERa signaling

To further verify the possible mechanisms of the effective
components of RDNVs, we performed a metabolomic analysis
on RDNVs. Metabolomic data indicated that a total of 3075 me-
tabolites were identified in RDNVs, including fatty acyl (15%),
organic oxygen compounds (11%), carboxylic acids and their de-
rivatives (8%), isopentenol lipids (8%), glycerophospholipids
(7%), benzene and its substituted derivatives (4%), and flavonoids
(3%) among others (Supporting Information Fig. S5A). The
metabolites could also be classified into Super Classes, including
lipids and lipid-like molecules (29%), organic oxygen compounds
(10%), organic acids and their derivatives (9%), organic hetero-
cyclic compounds (9%), phenylpropanoids and polyketides (7%),
and benzene ring-type compounds (7%, Fig. S5B). It was reported
that flavonoids, such as quercetinzx, icariin®', and naringinu*“,
were significantly correlated with pro-osteogenic properties and
bone formation. Therefore, we focused on flavonoids from RDNVs.

To investigate whether the metabolites contained in RDNVs
intersected with herbal Rhizoma Drynariae, we retrieved a total of
115 active ingredients of Rhizoma Drynariae through the TCMSP,
TCMID, and SysMap databases. As shown in Fig. 7A, 11 common
ingredients intersected between these 115 active ingredients from
Rhizoma Drynariae and the metabolic components of RDNVs.
The highest content of these 11 common components was of
naringin, with a relative content of 6204781, which ranked first
among the flavonoid and isoflavonoid metabolites and twenty-
third among all RDNVs metabolites (Fig. 7B). Interestingly, the
115 effective components of Rhizoma Drynariae and 4957
osteoporosis-related genes shared a common 77 genes (Fig. 7C),
and KEGG pathway analysis showed that the estrogen signaling
pathway represented a major part of the shared genes (Fig. 7D).
Surprisingly, the network diagram indicated that the majority of
the 11 common components in RDNVs and Rhizoma Drynariae
were related to core signaling targets of osteoporosis (Fig. 7E).
ERa, as an important estrogen receptor subtype, has been widely
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Figure 4 RDNVs ameliorates ovariectomy-induced bone loss in vivo. (A) Schematic diagram of the animal experimental procedure. Female
mice were subjected to bilateral ovariectomy (OVX) or sham operation (Sham). High and low concentrations of RDNVs were injected intra-
peritoneally for 3 weeks every other day. Mice were then sacrificed. (B) Calcium content in serum and ALP activity in femur were detected by
ELISA. Data are presented as mean £+ SD (n = 6), **P < 0.01. ns, not significant. (C) Mouse femurs were analyzed by micro-CT and the 3D
reconstructions of trabecular were obtained using the software CTAn. Upper, three-dimensional reconstruction; Middle, sagittal; Bottom,
transaxial (scale bar = 0.5 mm). (D) Histomorphometric analysis of femurs was determined by the scanner software. BMD, bone mineral density;
BYV, bone volume; BV/TV, bone volume density; Tb.N, trabecular number; Tb.Pf, trabecular pattern factor; SMI, structure model index. Data are
presented as mean =+ SD (n = 6), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, not significant. (E) Hematoxylin-eosin analysis
of the liver, spleen, kidney, and femur from mice treated with RDNVs or PBS (as control) via i.p. (Scale bar: 100x, 50 pm; 400x, 10 um). (F) The
levels of liver function-related parameter (serum alaninetransaminase (ALT), total protein (TP) and kidney function-related parameters (blood
urea nitrogen (BUN) and serum creatinine (Crea) from control and RDNVs-treated mice. Data are presented as mean £+ SD (n = 6). ns, not
significant.

used as a major target of osteoporosis treatments®'. Furthermore, Through molecular docking, it was found that ESR1 (ERe«) had
by analysis of protein—protein interaction (PPI) networks, we better binding activity to narirutin, naringin, and naringenin in
found that ESR1 (ERa) is one of the most vital proteins that RDNVs compared with other ingredients in 11 common ingre-
participate in the signaling pathway of osteoporosis (Fig. 7F). dient species (the binding energy was less than —7 kcal/mol). ER«
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is bonded to naringin residues ASN-439, LEU-440, GLN-441,
GLU-443, TRP-393, and GLU-397, which contributes to the sta-
bility of the structure (Fig. 7G). To prove that Naringin has a
binding relationship with ERa (ESR1), surface plasmon resonance

(SPR) and drug affinity responsive target stability (DARTS) assay
were conducted. The SPR results reveal that the binding and
dissociation of Naringin to human ER« showed a clear concen-
tration dependence and time-dependence, characteristic of slow
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Figure 6 RDNVs promote hBMSC proliferation and differentiation in vitro. (A) Pro-proliferative capacities of RDNVs (0, 10 and 20 pg/mL)
against hBMSCs after co-incubation for 12, 24, and 48 h, respectively, were detected by CCKS assay. (B) Apoptosis of hBMSCs on treatment with
RDNVs (0, 10 and 20 pg/mL) for 12, 24, and 48 h were determined by FCM. (C) ERo« mRNA expression levels during hBMSC proliferation after
co-incubating with RDNVs (20 pg/mL) for 24 or 48 h were determined by PCR. (D) ARS images of hBMSCs on Days 7 and 14 of osteogenic
differentiation (scale bar = 20 pm). (E) Effect of RDNVs on osteogenesis-related markers and ERae mRNA levels in hBMSCs on Days 7 and 14
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dissociation, suggesting that they could bind specifically
(Fig. 7H). The DARTS results show that ER« can be stabilized
after binding with Naringin so that it can resist the digestion of the
Thermolysin. ER« protein incubated with naringin has a distinct
band at about 70 kDa, and Naringin can protect the protein in this
band against the digestive action of Thermolysin. When different
concentrations of Thermolysin digested the target protein ERc,
Naringin reduced the digestion effect to different degrees.
Therefore, ER« in this band is considered to be a possible binding
target of Naringin (Fig. 71).

4. Discussion

To date, large numbers of nanomedicine platforms, including
synthesized nanoparticles and NVs from mammalian cells,
have been demonstrated to be effective in treating various
diseases' "*>*°. However, due to limited therapeutic outcomes,
potential side reactions, and possible in vivo biotoxicity of artifi-
cial nanoparticles, few of them have been approved by regulatory
agencies for clinical translation*’**. Compared to artificial
nanoparticles, NVs from mammalian cells display other benefits,
such as low biotoxicity and specific tissue-targeting activities**".
Nonetheless, the therapeutic application of mammalian-derived
NVs is challenging due to underlying biological hazard risks for
humans and achieving large-scale economic production’.
Recently, natural plant-derived NVs have been extracted from
various fresh herbs (e.g., ginseng, turmeric, and mulberry bark),
which displayed therapeutic immunomodulatory effects in coli-
tis’>**%, They independently demonstrated herb-derived NVs to
be safe, act as multi-functional platforms, and can be scaled up for
mass production. However, a role in the treatment of osteoporosis
is lacking.

In particular, we focused on Rhizoma Drynariae, which is
well-known for its multiple pharmacological properties, including
bone strengthening, anti-pain, and anti-osteoporosis, and is widely
used as a medicinal herb or a dietary supplement*'~*>*, As re-
ported, flavones from plants could exert promotional functions on
osteogenic differentiation and bone formation®***?. In the study,
we hypothesized that RDNVs extracted from Rhizoma Drynariae
root, containing large amounts of flavones, could be used to treat
PMOP. TEM, nFCM and Zeta potential analyses indicated that
RDNVs, isolated by ultracentrifugation, had a typical morphology
and particle size similar to those of mammalian-derived NVs
(Fig. 2A-D). Moreover, the yield of RDNVs, reaching 20 pg
protein per gram Rhizoma Drynariae, was higher than those of
NVs from mammalian cells. Furthermore, with high purity and
concentration, RDNVs also contained bioactive components such
as proteins, lipids, and nucleic acids (Fig. 2E-G).

The experiments in vivo revealed that RDNVs could efficiently
target the femur and promote bone formation (Figs. 3 and 4). It is
of note that intraperitoneally administered RDNVs achieved
comparable target effects to intravenous RDNVs injection. These
findings indicated that RDNVs via i.p. administration could be
absorbed into the circulatory system. Interestingly, we found that
RDNVs specifically targeted mBMSCs but not PBMCs, which
indicated the possible bone-specific effects of RDNVs. Further-
more, by analyzing representative micro-CT images and bone

histomorphometric parameters of femurs, we demonstrated that
RDNVs are efficient nanoplatforms that improve bone mass and
quality for further anti-osteoporosis activities (Fig. 4B-D).

Subsequently, we demonstrated that RDNVs could be inter-
nalized by hBMSCs with high efficiency. It was reported that
Dil-labeled ginseng-derived nanoparticles were internalized by
mouse bone marrow-derived macrophages (BMDMs) after co-
incubation for 12 h, and the uptake percentage of mouse BMDMs
containing these nanoparticles increased with time from 41.3% at
12 h to 57.4% at 24 h’°. In our study, the cellular uptake per-
centages of Dil-RDNVs by hBMSCs increased in a concentration-
and time-dependent manner (Fig. SB-D). The higher cell inter-
nalization rate of RDNVs might be attributed to their surface-
specific contents, which could efficiently mediate the interaction
with hBMSCs.

Additionally, we revealed the anti-osteoporosis mechanism of
RDNVs, and their capacity to promote osteogenic differentiation
was mainly dependent on the induction of increased key osteo-
genic mRNA and protein levels in hBMSCs (Fig. 6). Our exper-
iments indicated that RDNVs stimulated hBMSC proliferation at
the early stage (Fig. 6A). It was previously reported that treatment
with the ER« inhibitor ICI 182,780 blocks the effects of quercetin,
a flavonoid that promotes hBMSC proliferation and osteogenic
differentiation®®. Considering that naringin is a flavonoid, we
further analyzed the proliferation and osteogenic differentiation of
hBMSC:s in response to RDNVs. Similar to the induced culture
medium, treatment with RDNVs substantially stimulated osteo-
genic differentiation, while ICI 182,780 (ER antagonist) attenu-
ated this process, which suggested that ER is an important
signaling receptor for RDNVs (Fig. 6C). Flavonoids are chemi-
cally similar to estrogen’®. Recent studies have shown that
estrogen upregulates BMP2 gene transcription and enhances the
activation of the BMP signaling pathway (BMP2/Smad/RUNX2),
thereby promoting osteogenesis’ . RDNVs treatment up-
regulated the BMP2 expression level in hBMSCs, triggering the
expression of osteogenic differentiation-related genes, such as
RUNX2 (Fig. 6D). Moreover, RDNV treatment significantly
upregulated ERa and osteogenic differentiation-related protein
expression of hBMSCs, which was diminished by ICI 182,780
(Fig. 6E). Taken together, these results proved that the osteoin-
ductive efficacy of RDNVs indicated its ability to accelerate
osteogenesis through vigorously stimulating hBMSCs prolifera-
tion and osteogenic differentiation. To further elucidate the
mechanisms by which RDNVs display bone-formation effects,
particularly in stimulating hBMSCs osteogenic differentiation,
metabolomic analysis was conducted. It was reported that the
metabolites 6-shogaol from ginger-derived NVs or sulforaphane
from broccoli-derived NVs play an important role in the preven-
tion of alcohol-induced liver damage and colitis, respectively'*°.
Our data showed that RDNVs and Rhizoma Drynariae shared 11
common metabolic substances, of which naringin had the highest
average expression level (Fig. 7A and B). Naringin is a flavonoid
glycoside with pro-osteogenic, antiresorptive, and antiadipogenic
properties, which can promote hBMSCs proliferation and osteo-
genic differentiation”"****. In addition, we found that narirutin,
naringin, and naringenin were the three most effective substances
in binding to the ERa by molecular docking screening (Fig. 7G-

of osteogenesis differentiation was determined by PCR. (F, G) Effect of RDNVs on osteogenesis-related markers and ER« protein levels in
hBMSCs on Day 14 of osteogenesis differentiation was detected by Western blot. Data are presented as mean £+ SD (n = 3). *P < 0.05,

**P < 0.01, #*P < 0.001 and ****P < 0.0001. ns, no significant.
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Figure 7 RDNVs exert effects on alleviating bone loss via ERa signaling. (A) Venn diagram and (B) ranking of the 11 most common
components of the metabolites intersection of RDNVs and Rhizoma Drynariae. (C) Venn diagram and (D) KEGG pathway analysis of 77 common
components of the intersection of RDNVs and osteoporosis genes. (E) Network diagram of 11 common intersected components between RDNVs
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porosis. (G) Binding energy heatmap of molecular docking for 11 consensus components and cartoon model plot of molecular docking of
naringin, naringenin, and narirutin with ER«. (H) Naringin and ER« affinity assay (SPR method). (I) Naringin and ER« affinity assay (DARTS
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I). Moreover, HPLC confirmed that Naringin, the main active
ingredient, exists in RDNVs. Whether it plays a vital role in anti-
PMOP is something we will continue to explore.

The current study represents a preliminary investigation for
research and application of Chinese herbal medicine derived
EVs®’. RDNVs, which act as messengers mediating intercellular
communication and regulate pathophysiological processes in vivo,
may be a suitable candidate for future anti-osteoporosis drugs.
However, there are some limitations to our study. The mechanism
that naringin could be easier to enter into BMSCs and bind with
ERa in RDNVs is unclear. It has been shown that the basic
properties of EVs can be used to “modify” the recipient cell by
delivering membrane proteins to the recipient cell membrane
through membrane fusion. These proteins are then “inserted” into
the receptor cell membrane and can be used as targets for targeted
therapies. This novel approach represents a facile method of
altering cell membrane antigen presentation via convenient EVs
uptake and may pave the way for the burgeoning wave of targeted
therapy and/or immunotherapy”°. Therefore, it is the direction we
want to explore further subsequently.

5. Conclusions

In this study, we demonstrated that the natural product RDNVs,
isolated and purified from fresh Rhizoma Drynariae, was a
high-efficacy agonist of ER« and a potential nano-drug platform
for the prevention and treatment of PMOP (Fig. 1). Furthermore,
in vivo experiments indicated that RDNVs preferentially accu-
mulated in femur tissues, and the bioactive component naringin
increased the bone mass and contributed to an anti-PMOP
response. Moreover, we revealed the underlying mechanism of
the pro-osteogenic properties of naringin enriched in RDNVs via
targeting of ER« signaling. This study contributes to the devel-
opment of a novel nanotherapeutic platform for the treatment of
PMOP via i.p. administration, which has a promising potential for
clinical translation.
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