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Abstract

Background Excessive generation of reactive oxygen species is a hallmark of the osteoporotic bone microenviron-
ment, which leads to the damage of mitochondrial function and the deactivation of osteoblasts. Fruits and vegeta-
bles are rich sources of antioxidants, which play a key role in scavenging free radicals and maintaining the body’s
homeostasis.

Results Herein, we have developed a type of vesicle coming from carrots as nanoantioxidants to counteract oxi-
dative stress and restore the vitality of osteoblasts for reversing osteoporosis. Nanovesicles are derived from carrot
juice using a straightforward extrusion method, resulting in stable membrane structures containing various lipids
and homologous active phytochemicals. Nanovesicles can maintain stable structures under normal physiological
conditions (pH 7.4) and transform into aggregates in response to the acidic extracellular pH of osteoporosis (pH 4.0).
As anticipated, nanovesicles can passively target and aggregate to osteoporotic bone, ease oxidative stress, restore
mitochondrial function, promote osteoblastogenesis, and reduce bone loss in osteoporotic mice.

Conclusions This work presents the first demonstration of nanovesicles derived from carrots as novel nanoantioxi-
dants to realize the long-awaited osteogenesis, contributing to the exploration of a brand-new idea for reversing
0Steoporosis.

Keywords Carrot-derived nanoantioxidants, Passive targeting to bone tissue, Acid-triggered aggregation, Restoration
of mitochondrial function, Restore osteoblast activity, Osteoporosis therapy
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Introduction

Osteoporosis is a systemic bone metabolism disorder
characterized by low bone density and the deterioration
of microarchitecture, resulting in reduced bone strength
and an elevated risk of fractures [1-4]. The disrup-
tion of homeostasis between bone formation and bone
resorption is the primary cause of osteoporosis, which
is exacerbated by the rapid growth of aging populations
worldwide [5, 6]. The conventional management of bone
osteoporosis typically involves systemic drug adminis-
tration and hormonal therapy but is limited by multiple
adverse effects (e.g., varying degrees of liver and kid-
ney damage, and gastrointestinal adverse reactions) [7].
Hence, there is an urgent need to explore new therapeu-
tic strategies for the efficient treatment of osteoporosis.
Over the past decades, more and more researchers have
suggested that aging and more than 100 chronic degener-
ative diseases (such as atherosclerosis, diabetes, and neu-
rodegenerative disorders) are associated with oxidative
stress, which results from an imbalance between the pro-
duction of free radicals and body’s antioxidative defense
system [8-13]. It’s worth noting that oxidative stress
plays a momentous role in osteoporosis [14—19]. Exces-
sive generation of reactive oxygen species (ROS) includ-
ing hydroxyl radicals (-OH), hydrogen peroxide (H,O,),
and superoxide (O,") have been reported to accumulate
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in mitochondria [20, 21]. The dysfunction of mitochon-
dria due to oxidative stress causes osteoblast apoptosis,
which prominently impedes osteogenesis [22—25]. There-
fore, the development of novel antioxidants that repro-
gram mitochondrial function and prevent apoptosis has
the potential to promote osteoblast osteogenic differen-
tiation as a treatment strategy for osteoporosis.

Fruits and vegetables are rich sources of antioxidants,
which play a key role in scavenging free radicals and
maintaining the body’s homeostasis [26—29]. However,
the clinical application of natural antioxidants is limited
because of their small molecular weight, low yield, com-
plex purification process, instability, and poor bioavaila-
bility [30-33]. Recently, nanovesicles derived from plants
have drawn much attention as potential therapeutic
candidates, on account of their abundant resources, low
immunological risk, and biosafety profiles [34—42]. Up
till now, some nanovesicles containing various bioactives
(including proteins, lipids, mRNA, and microRNA) have
been extracted from fruit and vegetables, such as grapes,
lemon, and grapefruit for treating cancer and inflamma-
tion [43-47]. More importantly, these nanovesicles also
contain a range of antioxidant agents, such as flavonoids
and polyphenols, which could be shielded by the lipid
bilayer membrane from rapid oxidation and degrada-
tion [43, 48]. In consequence, nanovesicles derived from
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plants are expected to become a new generation of nano-
antioxidants, regulating osteoblast cell fate and reversing
osteoporosis.

Life experience has demonstrated that carrots are rich
in carotenoids, vitamins, and other nutrients, which have
been isolated to alleviate oxidative stress but constrained
by high dose requirements, and nonspecific target-
ing in vivo [49]. Nanovesicles derived from carrots have
been isolated as novel antioxidants to regulate cardio-
myoblasts and neuroblastoma cells [50]. However, it has
not been reported whether carrot-derived nanovesicles,
considered a new generation of antioxidants, can reverse
osteoporosis by influencing the fate of osteoblasts.
Herein, we selected an extrusion approach to obtain
nanovesicles from carrots containing various bioactive
substances (e.g., proteins, lipids, organic oxygen com-
pounds, and organic acids). These carrot-derived nano-
antioxidants (CNs) displayed excellent stability, good
biocompatibility, and outstanding oxidation resistance
(Scheme 1). As anticipated, multifunctional CNs as novel
nanoantioxidants could triumphantly overcome cell
membrane barriers and reduce ROS, thereby inhibiting
apoptosis for osteoblast proliferation and osteogenic dif-
ferentiation in vitro. Thanks to the non-continuous bone
marrow capillaries characterized by substantial gaps
between endothelial cells and canaliculi channels within
osteon structure, our nanoantioxidants could passively
target and accumulate into bone tissue under the acidic
microenvironment [51-53]. Last but not least, these tai-
lor-made CNs could ameliorate oxidative stress, restore
mitochondrial function, reduce osteoblast apoptosis, and
promote bone reconstruction with excellent biosafety for
efficient treatment of postmenopausal osteoporosis via
the mitogen-activated protein kinase (MAPK) signaling
pathway. This work presented the first demonstration of
nanovesicles derived from carrots as novel nanoantioxi-
dants to realize the long-awaited osteogenesis, contribut-
ing to the exploration of a brand-new idea for reversing
osteoporosis.

Materials and methods

Materials

Erucamide (Eru), fructose (Fru), and quinic acid (QA)
were purchased from Aladdin Biotechnology Co., Ltd
(Shanghai, China). Chlorpromazine was supplied by
Macklin Biotechnology Co., Ltd (Shanghai, China).
Cytochalasin D and amiloride were purchased from
Good Laboratory Practice Bioscience Technology (GLP-
BIO, USA). 2,7-dichlorofluorescein diacetate (DCFH-
DA), B-cyclodextrin, BCIP/NBT Alkaline Phosphatase
(ALP) Color Development Kit, Hydrogen Peroxide Assay
Kit, Reactive Oxygen Species Assay Kit, Calcium Colori-
metric Assay Kit, and 3, 3’-dioctadecyloxacarbocyanine
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perchlorate (DiO) fluorescent dye and Mitochondria
Tracker Red Chloromethyl-X-rosamine (Mito Tracker
CMXRos) dye were obtained from Beyotime Biotech-
nology Co., Ltd (Shanghai, China). Exosome Fluorescent
Labeling Dye (DiR) was purchased from Umibio (Shang-
hai, China). AlamarBlue™ HS Cell Viability Reagent was
purchased from Thermo Fisher Scientific (USA). BCA
Protein Assay Kit, Hoechst 33342 stain solution, Alizarin
Red S (ARS) Solution (0.2%, pH 8.3), Dihydroethidium
(DHE) fluorescence probe, and -OH Scavenging Capacity
Assay Kit were purchased from Solarbio Science & Tech-
nology Co., Ltd (Beijing, China). The Seahorse XF Cell
Mitochondria Stress Test Kit was purchased from Agilent
Technologies, Inc. (Santa Clara, CA). The Superoxide
dismutase (SOD) Assay Kit was purchased from Nan-
jing Jiancheng Bioengineering Institute (Nanjing, China).
Glyceryl monostearate (GMS) and the Total Antioxidant
Activity (T-AOC) Assay Kit were purchased from Shang-
hai Yuanye Bio-Technology Co., Ltd (Shanghai, China).
Annexin V-FITC Apoptosis Detection Kit was purchased
from Dojindo Molecular Technologies, Inc. (Kumamoto,
Japan). Terminal deoxynucleotidyl transferase 2-deox-
yuridine 5-triphosphate nick end labeling (TUNEL)
Apoptosis Detection Kit and Mitochondrial Membrane
Potential Assay Kit were purchased from Abbkine Sci-
entific Co., Ltd (Wuhan. China). M5 HiPer Total RNA
Extraction Reagent, M5 Super quantitative Polymer-
ase Chain Reaction (qPCR) Kit with gDNA remover,
and 2 X Realtime RCR Supermix (SYBRgreen, with anti-
Taq) were obtained from Mei5 Biotechnology Co., Ltd
(Beijing, China). Dulbecco’s modified eagle medium
(DMEM) and fetal bovine serum (FBS) were purchased
from Gibco (USA). 4% paraformaldehyde solution, hema-
toxylin and eosin (H&E) staining solution, and horserad-
ish peroxidase (HRP)-conjugated secondary antibody
were purchased from Servicebio Biotechnology Co., Ltd
(Beijing, China). Masson trichrome staining solution was
purchased from BOMEI Biotechnology Co., Ltd (Hefei,
China). The antibody of Dual specificity phosphatase 10
(Dusp10) was obtained from BIOSS Biotechnology Co.,
Ltd (Beijing, China). Jun N-terminal kinases (JNK) Poly-
clonal antibody was obtained from Sanying Biotechnol-
ogy Co., Ltd (Wuhan, China).

Isolation and characterization of CNs

Carrot was purchased from the local vegetable market.
Firstly, the carrots were washed with distilled water and
peeled. Then, 50 g of carrot cubes were mixed with 75 mL
ice-cold phosphate buffer solution (PBS) and squeezed by
a high-speed blender to obtain juice. The juice was cen-
trifuged at 1000x g for 20 min and 3000 X g for 20 min
to remove large fibers. The obtained supernatant was
further centrifuged at 10,000 g for 40 min at 4 °C and
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Scheme 1. Schematic representation of carrot-derived nanoantioxidants, including preparation of CNs, passive targeting and accumulation
in bone tissue acidic microenvironment, reducing oxidative stress, reprogramming of osteoblast mitochondrial function, and promotion
of osteogenic differentiation, ultimately contributing to the reversal of osteoporosis

then extruded through the 0.45 and 0.2 pm Millipore
filter membrane successively. The concentration of CNs
was determined by detecting the protein concentration
using a BCA protein quantification assay kit. The size
distribution and zeta potential of CNs were measured

by dynamic light scattering (DLS) analysis using a Zeta-
sizer Nano-Zs (Malvern Instruments, UK). The morphol-
ogy of CNs was determined by transmission electron
microscopic (TEM, JEOL JEM-2100Plus, 200 kV). The
particle size and concentration of CNs were analyzed via
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nanoparticle tracking analysis (NTA) with the Zetaview-
PMX120-Z (Particle Metrix, Meerbusch, Germany) and
corresponding software Zeta View (Version 8.05.14 SP7).

Stability evaluation of CNs

To evaluate the physiological stability of CNs under dif-
ferent conditions, the CNs were dispersed in PBS buffer
at varying pH levels (pH 7.4 and 4.0) and incubated at
37 °C. Subsequently, the size distribution and zeta poten-
tial were detected using DLS at different time points.
Besides, in order to test the storage stability of CNs at
different temperatures, CNs were dispersed in PBS (pH
7.4) and stored separately at 4, — 20, and — 80°C for the
measurement of the zeta potential, size distribution, and
protein content every week. The protein content of the
CNs prepared from different batches of carrots by the
same method in the above was quantified using the BCA
assay kit to detect batch stability of CNs. Measurements
of CNs in different groups were taken in triplicate, and
the results were averaged.

Preparation and characterization of carrot-derived
exosomes (CEs)

CEs were prepared by ultracentrifugation method.
Briefly, the carrot juice was centrifuged at 1000x g for
20 min, 3000 X g for 20 min, and 10,000 X g for 40 min in
succession, and extruded through the 0.45 and 0.2 pm
filter membrane. The supernatant was centrifuged at
150,000x g for 2 h to collect CEs pellet by PBS. The
size distribution and zeta potential of CEs were meas-
ured by DLS and the protein content of CEs was deter-
mined by BCA protein quantification assay kit. The total
antioxidant capacity of CNs and CEs at the same mass
concentration were measured by the 2, 2’-casino-bis
(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt
(ABTS*) method described below.

Quantitative proteomics

Proteomic analysis was conducted by Shanghai Zhongke
New Life Biotechnology Co., Ltd. The proteins were sep-
arated on 4-20% sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) gel at a constant voltage
of 180 V for 45 min. Protein bands were visualized using
Coomassie Blue R-250 staining. The peptides from each
sample were analyzed by a TIMSTOF mass spectrometer
(Bruker) connected to an Evosep One system liquid chro-
matography (Denmark) in the data-independent acqui-
sition (DIA) mode. Protein subcellular localization was
predicted by the multi-class SVM classification system
CELLO (http://cello.life.nctu.edu.tw/). Gene Ontology
(GO) terms were mapped, and sequences were annotated
using the software program Blast2GO. The studied pro-
teins were blasted against the online Kyoto encyclopedia
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of genes and genomes (KEGG) database (https://www.
genome.jp/kegg/) to retrieve their KEGG orthology iden-
tifications and were subsequently mapped to pathways in
KEGG.

High-resolution untargeted metabolomics
UHPLC-Q-TOF-MS (ultrahigh-performance liquid chro-
matography equipped with quadrupole time-of-flight
mass spectrometry) was used to detect metabolites in
CNs. After slowly thawing the samples at 4 °C, the appro-
priate amount of samples was added to a pre-cooled solu-
tion of methanol, acetonitrile, and water (2:2:1, v/v). The
mixture was then vortexed, subjected to low-temper-
ature ultrasound for 30 min, and left to stand at — 20°C
for 10 min. After centrifugation at 14,000 g and 4 °C for
20 min, the supernatant was collected and dried under
vacuum. During mass spectrometry, 100 pL acetoni-
trile solution (acetonitrile: water =1:1, v/v) was added to
redissolve, vortex, and centrifuge at 14,000 X g at 4 °C for
15 min. The supernatant was sampled for analysis. Anal-
yses were performed using a UHPLC (1290 Infinity LC,
Agilent) coupled to a quadrupole time-of-flight (AB Sciex
Triple TOF 6600).

Preparation of mimic CNs (MCNs)

MCNs were prepared using the membrane-sonication
method. According to the results of the metabolomic
analysis, the four main components were selected. Glyc-
eryl monostearate, erucamide, and quinic acid for CNs
equivalent were dissolved collectively in chloroform/
absolute ethanol solutions (1:1, v/v). After the solvent
evaporated, the fructose was dissolved in PBS to resus-
pend the dried film layer. The MCNs were then obtained
by sonication using an ultrasonic crusher. When GMS,
Eru, QA, and Fru were treated as a single component,
their content was equal to that of each component in
the MCNs. Detailed data is shown in Additional file 1:
Table S1.

OH scavenging capacity of CNs

To determine the -OH scavenging capacity of CNs, an
-OH scavenging capacity assay kit was used. According to
the operation instructions, the [Fe(phen),]**/H,0, sys-
tem generated -OH, and the scavenging capacity of the
CNs for -OH was reflected by the degree of the absorb-
ance decline rate at 536 nm. The absorbance (OD values)
at 536 nm was measured by an enzyme-labeled instru-
ment, the calculation formula is -OH scavenging rate
(%)= (Asample - Acontrol)/(Ablank - Acontrol) x100%.

SOD-like catalytic activity
The SOD-like catalytic activity of CNs was tested using
a SOD assay kit according to the protocol. The working
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solution was added to CNs with different concentrations
(50, 100, 200, 400, 800, and 1600 pg/mL, protein con-
centration), and followed by thorough mixing and water
bath at 37 °C for 40 min. Then the absorbance value was
measured at 550 nm using UV-Vis (UV1800PC, Jinghua
Co., Ltd. Shanghai, China) after adding chromophore and
standing at room temperature for 10 min. Meanwhile,
the color changes of different samples were recorded
by the camera. The SOD-like activity of the sample was
expressed by the inhibition ratio relative to the blank
control.

Catalase (CAT)-like catalytic activity

The H,0, scavenging effect of the CNs was detected
using a hydrogen peroxide detection kit. All samples were
incubated with H,0O, (50 mM) at room temperature, and
the concentration of the remaining H,0O, was calculated
at different time intervals (10 and 60 min) following the
provided protocol.

Oxygen (O,) generation was observed in a 1 mL test
tube. Disperse 200 pL different concentrations of CNs
to 800 uL. 10 mM H,0O, solution to observe the amounts
of bubbles after 1, 5, and 10 min. The generated O, was
recorded by a digital camera and quantitatively tested
with a dissolved oxygen meter (JPB-607A, Leici).

The total antioxidant activity of the CNs

The total antioxidant activity of the CNs was investigated
by ABTS™* assay. According to the protocols, samples of
different concentrations were mixed with pre-prepared
ABTS™ working solution for 6 min at room tempera-
ture. After that, the resultant mixture was detected by
UV —Vis absorbance spectroscopy. Meanwhile, pictures
were taken to record the change of the colors after the
reaction. The formula is the free radical scavenging rate
(%)= (Ablank - Asample) /Ablank x100.

Cell uptake and internalization mechanism of CNs in vitro
CNs were labeled with the fluorescent dye DiO (D-CN).
Briefly, D-CNs were prepared by mixing 1 mg/mL of DiO
dye with a 4 mg/mL CNs solution at a volume ratio of
1:5, followed by incubation at 37 °C for 30 min. The sus-
pension was then purified using dialysis to remove any
free DiO dye. The amount of labeled fluorescent dye was
quantified using a fluorescent microplate reader (MD
SpectraMax M5, USA, Ex: 484 nm, Em: 501 nm).

For cellular uptake studies, MC3T3-E1 cells were
seeded in 6-well plates (5x 10° cells per well) with 2 mL
of DMEM to study the cellular uptake efficiency of
CNs. After treatment with 200 pg/mL D-CNs and equal
fluorescent concentrations of single DiO dye, the cells
were collected at predesigned time points (0, 2, 4, 8 h)
and analyzed with confocal laser scanning microscopy

Page 6 of 27

(CLSM, Leica SP8, Germany) and flow cytometer (Beck-
man Coulter, USA).

To study the mechanism of CNs internalization, after
being seeded in 6-well plates for 24 h, MC3T3-E1 cells
were pretreated with different endocytosis inhibitors
including 28 puM chlorpromazine (clathrin endocytosis
inhibitor), 100 uM B-cyclodextrin (caveolin endocyto-
sis inhibitor), 0.01 pM cytochalasin D (actin-dependent
endocytosis inhibitors) and 10 uM amiloride (giant pino-
cytosis specific inhibitor) for 30 min, and D-CNs (200 pg/
mL) were added to different groups for additional 4 h of
incubation. Cells were collected and analyzed using flow
cytometry.

Cell cultures and construction of oxidative stress cell model
MC3T3-E1 cells were cultured at 37 °C and 5% CO,
atmosphere in a DMEM culture medium containing 10%
FBS and 1% P/S antibiotic solution. After reaching con-
fluence, the cells were treated with the FBS-free medium
containing different concentrations of H,0O, (0.25, 0.5,
0.75, 1 mM) for 3 h, 6 h, and 24 h. According to the cell
survival rate, 1 mM was finally selected as the model
concentration.

Intracellular ROS determination

The level of intracellular ROS was tested using the fluo-
rescent probe DCFH-DA in the ROS detection kit.
MC3T3-E1 cells in 6-well culture plates were incubated
with 200 pug/mL CNs for 24 h before treatment with
1 mM H,O, for 6 h. Then, the cells were washed with
PBS twice, and serum-free culture medium was incu-
bated with 2 pM DCFH-DA at 37 °C for 30 min. The cells
were washed with PBS twice to eliminate the unlabeled
DCFH-DA. The relative levels of fluorescence intensity
were characterized by flow cytometry and CLSM.

Alkaline phosphatase staining and alizarin red S staining
For the alkaline phosphatase expression assay, cells were
cultured in 6-well plates at a density of 1x10° cells per
well. After incubation with DMEM medium contain-
ing different concentrations of CNs (50, 100, 200, and
400 pg/mL) for 24 h, the H,O, group and H,0,+CNs
group were treated with 1 mM H,O, for 6 h. After 3 days,
cells were fixed using paraformaldehyde (4%) and stained
with a BCIP/NBT alkaline phosphatase color develop-
ment kit. We performed the staining following the man-
ufacturer’s protocol and images were captured using a
DM500 microscope (Leica, Germany) and semi-quanti-
fied via Image] software.

To study the mineralization level, MC3T3-E1 cells were
seeded into 6-well plates at the density of 1x 10° cells per
well and cultured in DMEM supplemented with varying
concentrations of CNs (50, 100, 200, and 400 pg/mL) and
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stimulated with H,O, to assess mineralization. After 5
days, then the cells were fixed with a 4% paraformalde-
hyde solution, washed with PBS, and stained with ARS
solution. Images were recorded by a DM500 microscope
and semi-quantified via Image] software.

Assessment of mitochondrial function

Mitochondrial membrane potential was assessed using
the dye 5, 5, 6, 6’-Tetrachloro-1, 1’, 3, 3’-tetraethyl-
imidacarbocyanine iodide (JC-1) and visualized using a
fluorescence microscope (Leica, Germany). MC3T3-E1
cells were seeded at the density of 3x10° cells per well
in 6-well plates and allowed to adhere overnight. After
all of the treatments, the cells were stained with a work-
ing solution prepared by JC-1 stain (100 X) for 20 min at
37 °C. After incubation, the supernatant was removed
and washed twice with PBS. Fluorescence images were
scanned using a fluorescence microscope, and the fluo-
rescence intensity was quantified with Image] software.
The protocol involves opening the image, extracting a sin-
gle channel, adjusting the threshold, selecting the appro-
priate region, and then checking the ‘dark background’
option to measure the mean gray value. The ratio of red
and green fluorescence was counted and normalized.

For observing the morphology of mitochondria,
MC3T3-E1 cells were seeded at the density of 1x10°
cells/well in a 6-well culture plate and cultured over-
night. After all of the treatments, Bio-TEM was per-
formed according to the following procedure. Cells were
fixed with 2.5% glutaraldehyde for 12 h. After being
dehydrated and dried, cells were cut into ultrathin sec-
tions (70-90 nm). After being stained with uranyl acetate
and lead citrate for 10 min, sections were dried and per-
formed using a TEM microscope (Hitachi, HT7800).

Functional Mitochondrial morphology was evaluated
using the MitoTracker Red CMXRos dye according to
the manufacturer’s instructions. Briefly, MC3T3-E1 cells
were seeded in confocal dishes at a density of 1x 10° cells
per well and treated with 200 pg/mL CNs for 24 h before
being stimulated with 1 mM H,O, for 6 h. The cells
were then incubated in a serum-free medium contain-
ing 200 nM of the probe in the dark at 37 °C for 20 min.
The cells were subsequently washed twice in PBS and the
nuclei were stained with Hoechst 33342 at 10 ug/mL for
20 min. Images were acquired with CLSM.

MC3T3-E1 cells were seeded in XF24 cell culture
microplates (Agilent). Cellular oxygen consumption was
measured with a Seahorse XFe24 Analyzer (Agilent).
When the confluence of cells reached about 50%, the cells
were treated with 200 pg/mL CNs or DMEM medium
for 24 h and then stimulated with H,O, for 6 h. After the
basal readings, 1.5 mM oligomycin, 1 mM Carbonyl Cya-
nide 4-(Trifluoromethoxy) phenylhydrazone (FCCP) and
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0.5 mM rotenone/antimycin A were injected in sequence.
Data were collected and analyzed using Seahorse Wave
Desktop software. The data normalization of oxygen con-
sumption measurements was performed using the cell
number at the end of the experiments, and mitochondrial
respiration was expressed as oxygen consumption rate
(OCR, pmol/min/cells).

Apoptosis assay

The apoptosis of MC3T3-E1 cells was tested using the
Annexin V-FITC apoptosis detection kit. Different
treated cell suspensions were collected according to the
method provided in the instructions. Cell suspensions
(1x10° cells /mL) were incubated with 5 pL Annexin
V-FITC and 10 pL Propidium Iodide (PI) staining solu-
tion. After incubation for 15 min at room temperature in
the dark, 400 puL 1 X Annexin V binding buffer was added
to the cell suspensions. Then cells were analyzed using
a flow cytometer and data were analyzed using FlowJo
software.

TUNEL assay was performed according to the protocol
to detect cell apoptosis. After different treatments, the
medium was removed and the cells were fixed with 50 uL
4% paraformaldehyde for 30 min at room temperature.
The fixative was removed and washed three times with
PBS for 5 min per well. Afterward, each well was added
0.3% Triton X-100 and incubated for 30 min at room
temperature. Finally, after the transparent agent was
removed, cells were washed with bovine serum albumin
(BSA) working solution 3 times and imaged under fluo-
rescence microscopy.

The determination of Caspase-3 activity was detected
by the Caspase-3 activity analysis kit (colorimetric
method). After all of the treatments, cells were collected
and resuspended in a working cell lysis buffer. The lysate
was incubated for 15 min on ice, and centrifuged on
15,000 X g at 4 °C for 15 min. Enzyme activity was meas-
ured according to the manufacturer’s instructions. In
simple terms, samples and working liquid were mixed
and incubated at 37 °C for one hour, enzyme standard
instrument was used to detect 405 nm absorbance values.

Transcriptome sequencing

RNA sequencing was used to detect differential gene
expression in the control, H,0,, and H,0,+ CNs groups.
MC3T3-E1 cells in the culture dish were incubated with
DMEM medium containing 200 pg/mL CNs for 24 h
before treatment with 1 mM H,0O, for 6 h. Total RNA was
extracted from the MC3T3-E1 cells using Trizol reagent
according to the manufacturer’s instructions (Invitro-
gen, USA). After washing twice with PBS, 1 mL of Tri-
zol reagent was added to a precipitate of 5x 10° cells, and
the cells were repeatedly whipped until no cell clumps
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remained. RNA samples were assessed based on the
A260/A280 absorbance ratio with a Nanodrop ND-2000
system (Thermo Scientific, USA), and the RIN of the
RNA was determined by an Agilent Bioanalyzer 4150
system (Agilent Technologies, CA, USA). Three replicate
samples were taken from each group and detailed data
for each sample are shown in Additional file 1: Table S2.
Transcriptome sequencing was performed with an Illu-
mina NovaSeq 6000/MGISEQ-T7 instrument and the
data were analyzed using the Illumina/BGI platform.
Differentially expressed genes (DEGs) analysis was con-
ducted using the DESeq2 (http://bioconductor.org/packa
ges/release/bioc/html/DESeq2.html). Gene expression
changes with fold change >2 and p-value < 0.05 were con-
sidered significant. KEGG pathway enrichment and GO
function enrichment analysis were utilized by using the
clusterProfiler R software package. When p<0.05, it is
considered that the GO or KEGG function is significantly
enriched. Finally, the results were visualized through the
Bio-cloud platform (https://bio-cloud.aptbiotech.com/
project).

Measurement of intracellular calcium concentration
According to the manufacturer’s instructions, a calcium
colorimetric assay kit was used to measure calcium con-
centration. Briefly, the MC3T3-E1 cells were cultivated
in a 6-well plate and treated with 200 pg/mL CNs under
conditions of H,0, stimulation, then washed with PBS
and lysed with lysis buffer. After centrifugation, the cell
lysate solution was collected and mixed with the work-
ing color solution. The mixtures were then incubated at
room temperature for 10 min to detect the absorbance
at 575 nm using a microplate reader. To normalize the
amount of calcium, protein concentrations were meas-
ured using a BCA protein assay kit.

gPCR analysis

For qPCR analysis, MC3T3-E1 cells were cultured in dif-
ferent treatment groups. The control group was cultured
using DMEM medium, the H,0, group was treated only
with H,O, for 6 h, and the H,0,+ CNs group was treated
with 200 pg/mL CNs followed by H,O, stimulation for 6
h. Total RNA was collected using an M5 Hiper Universal
Plus RNA Mini Kit. Subsequently, cDNA was synthesized
using a cDNA transcription kit. Amplification reactions
were performed using 3 pL of cDNA template, 0.5 pL
of primer, 6 pL of distilled deionized water, and 10 pL
of SYBR Green in a StepOne Plus PCR machine for 50
cycles. The sequences of the primers used are provided in
Additional file 1: Table S3. The starting quantities of the
samples were determined using the 27*2T methods and
normalized to the internal reference gene GAPDH. The
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data presented for each group represent the fold-change
in relative mRNA expression levels of target genes, nor-
malized to the control group.

Pharmacokinetic profile

All animal experiments were approved by the Ethics
Committee Second Hospital of Shanxi Medical Univer-
sity with the approval number (DW2023040). To study
the pharmacokinetic profile, C57BL/6] mice (about
8 weeks old) were purchased from SPF Experimental
Animal Company (Beijing, China). The mice were admin-
istered with D-CNs (1 mg/mL) via tail vein injection. At
given times (0.25, 0.5, 2, 4, 8, 12, 24 h), the blood was col-
lected from the mouse eyes and centrifuged at 3000x g
at 4 °C for 10 min to obtain the supernatant plasma. The
content of D-CNs was measured by a fluorescent micro-
plate reader. Pharmacokinetic software (DAS 3.0) was
used to analyze data.

In vivo imaging and biodistribution

Three groups of ovariectomized (OVX) mice (n=3) were
treated with PBS, DiR, and DiR-loaded CNs (DiR-CNs).
CNs were labeled with DiR as provided by the manufac-
turer, 100 pL of DiR dye working solution was added to
1 mL of the CNs suspension and vortexed to mix, then
incubated at 37 °C for 30 min, and unlabeled dye was
removed by dialysis to obtain DiR-CNs. After injec-
tion for 24 h, the mice were anesthetized and the whole
body fluorescence signals (Ex: 747 nm, Em: 780 nm) were
recorded using a small animal in vivo fluorescence imag-
ing system (PerkinElmer IVIS Lumina LT III, USA). The
major organs, including the heart, liver, spleen, lungs,
kidney, femur, and tibia tissues, were carefully excised to
detect the distribution of CNs using living image analysis
software (Caliper Life Sciences, Inc., USA).

OVX-induced osteoporotic mouse model and osteoporosis
treatment in vivo

8-week-old female C57BL/6] mice underwent bilat-
eral ovariectomy to induce osteoporosis. Both ovaries
were carefully removed, ensuring that no ovarian tissue
remained. The mice were housed in a specific pathogen-
free (SPF) environment and referred to as OVX mice.
Mice in which only adipose tissue adjacent to the ovary
was removed served as the sham group. One week after
the surgery, once their wounds had healed, the mice were
divided into four groups, each consisting of five mice.
The experimental groups were as follows: a sham-oper-
ated group (Sham), which received PBS treatment via
tail vein injection every 3 days; a model group consisting
of ovariectomized (OVX) mice treated with PBS via tail
vein injection every 3 days; OVX mice treated with CNs
at a dose of 2.5 mg/kg via tail vein injection every 3 days


http://bioconductor.org/packages/release/bioc/html/DESeq2.html
http://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bio-cloud.aptbiotech.com/project
https://bio-cloud.aptbiotech.com/project
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(OVX +CNs); and OVX mice treated with 17p-estradiol
(E,) at a dose of 0.5 mg/kg via tail vein injection every
3 days (OVX+E,). After the whole treatment period,
mice were sacrificed after 8 weeks. The femurs were col-
lected and fixed in 4% neutral paraformaldehyde for
24 h. Tissues were scanned and analyzed with micro-
computed tomography (Micro-CT, BrukermicroCT,
Kontich, Belgium) using the following scanning condi-
tions: source voltage 55 kV; source current 200 pA; Al
0.25 mm filter; pixel size 6 um; rotation step 0.3 degree.
The images were then reconstructed with NRecon soft-
ware (BrukermicroCT, Kontich, Belgium) using the fol-
lowing settings: ring artefactor rection, 5; smoothing, 3;
beam hardening correction, 30%. Bone volume fraction
(BV/TV), trabecular thickness (Tb. Th), trabecular num-
ber (Tb. N), trabecular spacing (Tb. Sp), and bone min-
eral density (BMD) were analyzed by the program CTAn
(BrukermicroCT, Kontich, Belgium). BV/TV represents
the ratio of bone volume to total tissue volume, providing
a direct measure of changes in bone mass. BMD reflects
the mineral content within the bone tissue of the selected
region. Tb. N indicates the average number of intersec-
tions between bone and non-bone tissue per millimeter
within the region of interest. Tb. Th represents the aver-
age thickness of the trabecular bone. Tb. Sp refers to the
average distance between the bone trabeculae, represent-
ing the width of the medullary cavity.

The femurs and tissue were collected, fixed in 4% para-
formaldehyde, and transferred to 10% ethylene diamine
tetraacetic acid (EDTA) solution for decalcification for
4 weeks. They were sequentially dehydrated, embedded
in paraffin, sectioned (5 pm thick), and subjected to H&E
staining and Masson staining.

For immunohistochemistry analysis, block the sections
first for 0.5 h with 5% BSA at room temperature and then
incubate them overnight at 4 °C with the corresponding
primary antibodies: JNK and Dusp10. Subsequently, the
slices were incubated with the corresponding secondary
antibody at 37 °C for 30 min and then treated with DAB
chromogenic solution for 15 min. For immunofluores-
cence analysis, put the slices neatly on a wet box, draw a
circle around the tissue with a histochemical pen circle,

(See figure on next page.)
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add the prepared DHE antibody diluent, and then place
the wet box in an oven at 37 °C for 30 min, wash with PBS
three times, and then seal the slides using an anti-fluo-
rescence quenching sealer. Finally, image acquisition of
the sections was performed using a micro camera system
(BA400Digital), and the positive area analyses were per-
formed by Image] software.

In vivo safety evaluation

After completing the entire treatment period, the mice
were euthanized. The serum samples were collected to
measure the levels of alanine transaminase (ALT), aspar-
tate aminotransferase (AST), blood urea nitrogen (BUN),
creatinine (CREA), inorganic ionic calcium (Ca), and
phosphorus (P). The whole blood sample was collected
for a routine blood test. Tissues including heart, liver,
spleen, lung, and kidney were used for H&E staining.

Statistical analysis

Data were assessed for homogeneity of variances using
Levene’s test before statistical analysis in SPSS 26.0. For
multiple comparisons, a one-way analysis of variance
(ANOVA) was performed, followed by the Tukey post-
hoc test when variances were homogeneous and the
Tamhane post-hoc test when variances were unequal.
For two-group comparisons, a two-tailed Student’s ¢-test
was conducted using GraphPad Prism 9.5 software. This
approach applies to both in vitro and in vivo data, except
for transcriptome sequencing, for which statistical meth-
ods are detailed in the corresponding legend. All data
were presented as mean + standard deviation (s.d.), with
*p<0.05, *p<0.01, and **p<0.001 considered statisti-
cally significant, and NS indicating no significance.

Results and discussion

Isolation and characterization of carrot-derived
nanoantioxidants

First, nanovesicles were obtained from carrot juice
through a simple extrusion approach [54]. Based on TEM
examination (Fig. 1A, Additional file 1: Fig. S1), CNs had
round structures and characteristic lipid bilayers. As dis-
played in Fig. 1B, CNs had an average size of 137.8 nm,

Fig. 1 Characterization and ROS scavenging effectiveness of the CNs. A TEM showing the morphological features of CNs. Scar bar: 100 nm. B Size
distribution and C zeta potential of CNs. D The particle size and concentration of CNs were analyzed by NTA. E Stability of CNs under different

pH conditions by measuring the size change at different times (n=3). F Subcellular localization of CNs proteins. G Pie chart of the proportion

of the content of identified superclass metabolites of CNs in each chemical category. H Distribution of subclass metabolites of the top three
superclass metabolites in content. I Schematic illustration of antioxidative activities of CNs. J -OH scavenging rate of different concentration CNs
(n=3). KUV-Vis absorption spectra showed SOD-like activity of CNs at different concentrations. L The decomposition of H,0, (50 mM) reacted
with various concentrations of CNs was detected at 10 and 60 min (n=3). M O, generated in H,0, (2 mM) solution of CNs in 1 min was detected
by the dissolved oxygen measurement instrument. N UV-Vis absorption spectra showed the total antioxidation activity of CNs at different

concentrations by the ABTS™ assay. All data were presented as mean +s.d.
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which well agreed with the TEM result. These CNs had
a zeta potential of — 16.5 mV (Fig. 1C). Meanwhile, NTA
analysis determined a particle size of 128.7 nm and a par-
ticle concentration of 5.5x10° particles/mL (Fig. 1D).
Besides, these nanovesicles had steady nanostructures
under normal physiological conditions (pH 7.4). How-
ever, upon exposure to acidic conditions mimicking the
osteoporotic microenvironment (pH 4.0), CNs undergo a
transformation into larger particles. This change occurs
due to alterations in surface charge (from — 16.5 mV to
— 6.9 mV) driven by electrostatic interactions, which may
potentially enhance their retention within bone tissue
(Fig. 1E, Additional file 1: Fig. S2). It was noted that dif-
ferent batches of CNs had consistent protein concentra-
tions (~4.5 mg/mL, Additional file 1: Fig. S3). In addition,
CNss stored at different temperatures (4, — 20, and — 80
C) for 2 weeks maintained stable nanostructures, sur-
face charges, and protein content (Additional file 1: Fig.
S4-56). Carrot-derived exosomes were isolated using den-
sity gradient ultracentrifugation [36, 55]. Compared to
CEs, CNs exhibited approximately a 113.2-fold increase
in protein concentration. (Additional file 1: Fig. S7A-
S7C). The SDS-PAGE analysis revealed that the proteins
from CNs were primarily distributed within the molec-
ular weight range of 10-100 kDa (Additional file 1: Fig.
S8). We made use of proteomic analysis to study the pro-
tein components in detail. A total of 2684 proteins were
identified and quantified in the CNs. Subcellular distri-
bution predictions classified these proteins as follows:
1,196 cytoplasmic proteins, 659 chloroplast proteins, 557
nuclear proteins, 434 mitochondrial proteins, 383 extra-
cellular proteins, 251 plasma membrane proteins, and 49
lysosomal proteins (Fig. 1F). The KEGG enrichment anal-
ysis revealed that the most enriched pathways were asso-
ciated with ribosome function and glycolysis (Additional
file 1: Fig. S9). The GO enrichment analysis indicated that
the predominant enriched molecular functions were cat-
alytic activity and antioxidant activity (Additional file 1:
Fig. S10) [56, 57]. A non-targeted metabolomics analysis
was conducted to examine the metabolite composition of
CNs, identifying a total of 286 metabolites, which were
categorized into 11 superclasses. (Additional file 1: Fig.
S11). As shown in Fig. 1G of the quantitative proportions
of metabolites, lipids (50.2%) and organic oxygen com-
pounds (31.6%) were enriched in CNs, where fatty acyls
(86.2% of total lipids), and carbohydrates (97.5% of total
organic oxygen compounds) were detected, respectively
(Fig. 1H, Additional file 1: Fig. S12). Therefore, nanovesi-
cles derived from carrots were successfully extracted with
stable membrane structures and multiple active ingredi-
ents for potential biological application.

Recent studies have shown that excessive genera-
tion of ROS leads to decreased osteoblast activity and
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even apoptosis [14, 58] (Fig. 1I). First, we tested the -OH
scavenging capacity of CNs through the Fenton reac-
tion. As displayed in Fig. 1], the -OH scavenging rate of
CNss increased significantly, reaching up to 57.2% as the
concentration increased to 1600 pg/mL, demonstrating
a great -OH eliminating capacity. SOD, an intracellular
enzyme, plays a pivotal role in the antioxidant process
by converting O, into H,O, and O,. Hence, the SOD-
like activity of CNs was measured using a T-SOD assay
kit based on the hydroxylamine method. Optical images
showed that the purplish-red color gradually disappeared
with the increase in CNs concentration (Additional
file 1: Fig. S13). UV—-Vis spectra results indicated that the
absorbance value at 550 nm weakened from 0.29 to 0.12
a.u. after treatment with various concentrations of CNs,
which was ascribed to the strong O, scavenging ability
mimicking SOD enzyme (Fig. 1K, Additional file 1: Fig.
S14). Subsequently, we determined the CAT-like capac-
ity which could decompose H,0O, into H,O and O,. As
shown in Fig. 1L, CNs demonstrated significant scaveng-
ing efficiency on H,O,. At a concentration of 1600 pg/
mL, approximately 96.9% of H,O, was eliminated after
60 min. It was observed that a greater number of bubbles
were produced in the test tube treated with CNs com-
pared to the untreated control group (Additional file 1:
Fig. S15). After incubation with 1600 pg/mL CNs, the
generation of O, fleetly reached 21.0 mg/mL in the 60 s
(Fig. 1M), indicating a strong CAT-mimic activity. To fur-
ther study their antioxidant performance, the total ROS-
eliminating ability was tested using the ABTS™ radical
assay. The characteristic absorption peaks of ABTS™ at
734 nm significantly decreased after treatment with vari-
ous concentrations of CNs (Fig. 1N, Additional file 1: Fig.
S$16-S18). Furthermore, CNs exhibited a stronger anti-
oxidant capacity compared to CEs (Additional file 1: Fig.
S7D). In summary, the results above demonstrated that
CNs displayed a variety of enzyme-mimic activities and
possessed exceptional antioxidant capacities.

CNs restore osteoblast activity in the osteoporotic
microenvironment

Once the ROS-eliminating activity was confirmed, we
turned to investigate whether CNs could induce osteo-
blast proliferation and facilitate osteogenesis in vitro. As
shown in Fig. 2A, CNs could distinctly promote MC3T3-
E1l cell proliferation at various concentrations rang-
ing from 0 to 400 pg/mL. Particularly, the cell viability
increased to 3.3 times after treatment with 400 pug/mL
CNs from day 1 to day 5. To further investigate cellular
uptake efficiency, CNs were labeled with DiO, a com-
mercial fluorescent dye known for its strong membrane
affinity. CLSM images showed that the DiO-labeled CNs
primarily adhered to the cell membrane during the first
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1 to 4 h, and were internalized into the cytoplasm after
8 h of exposure (Fig. 2B). Flow cytometry quantitative
results demonstrated that D-CNs provided strong cel-
lular uptake efficiency with 99.6% positive cells after
incubation for 8 h (Fig. 2C, D). However, free DiO dye
exhibited higher cellular uptake efficiency compared to
D-CNs. This difference may be attributed to the mem-
brane-affinity properties of DiO, which allows it to bind
to the cell membrane more rapidly than D-CNs (Addi-
tional file 1: Fig. S19, S20). To disclose the mechanism
of internalization, endocytosis pathways of MC3T3-E1
cells were blocked using various inhibitors. As shown in
Fig. 2E and F, the positive cell decreased to 54.3% after
exposure to chlorpromazine (clathrin endocytosis inhibi-
tor). However, there was no influence on the internaliza-
tion of D-CNs in the presence of B-cyclodextrin (caveolin
endocytosis inhibitor), amiloride (giant pinocytosis spe-
cific inhibitor), and cytochalasin D (actin-dependent
endocytosis inhibitors) [59, 60]. Hence, the cellular
uptake of CNs mainly relied on the clathrin endocytosis
pathway. Then, MC3T3-E1 cells were treated with H,O,
to induce oxidative stress, simulating the detrimental
microenvironment characteristic of osteoporosis. Cell
viability decreased in a concentration-dependent and
time-dependent manner. The survival rate of cells stimu-
lated with 1 mM H,O, for 6 h was 53.1%, which was used
for subsequent studies (Additional file 1: Fig. S21-S23).
After treatment with 200 and 400 pug/mL CNs for 24 h,
cell viability was raised to 78.5% and 82.8% respectively,
manifesting that CNs competently protected the cells
from ROS destruction (Fig. 2G). ROS levels in MC3T3-
E1 cells were seriously elevated after pretreatment with
1 mM H,O, compared to the control group assessed
using a DCFH-DA fluorescent detector. However, after
the cells were treated with CNs, there was a noticeable
decrease in green fluorescence signals and a reduction in
the number of positively stained cells (13.9%), indicating

(See figure on next page.)
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the strong ROS-eliminating capacity in vitro (Fig. 2H).
Next, we turned to access the osteogenic differentiation
abilities in the osteoporotic microenvironment (Addi-
tional file 1: Fig. 524-527). ALP staining images demon-
strated that CNs effectively rescued MC3T3-E1 cells from
a high oxidative stress environment and reprogrammed
osteoblasts with the highest ALP expression observed at
concentrations above 200 pg/mL (Fig. 2L, J). In addition,
the calcium mineral deposition stained with Alizarin red
S was lower in the H,0, pretreatment group compared
to the control group. However, there was a significantly
higher amount of calcium mineral deposition observed
after incubation with 200 pg/mL CNs. Moreover, this
value increased 8.2-fold over time, suggesting that CNs
can reprogram osteoblasts into osteogenic differentiated
cells even under conditions of intense oxidative stress
(Fig. 2I, K). Furthermore, the mRNA levels of osteo-
genic markers, including alkaline phosphatase (ALP),
runt-related transcription factor 2 (Runx2), osteopontin
(OPN), and osteocalcin (OCN), were up-regulated by
1.58, 1.72, 2.12, and 1.42 times in the H,0,+ CNs group
respectively, which efficiently counteracted the oxidative
stress effect of H,O, (Fig. 2L-O)[61]. In consequence,
CNs demonstrated potential as nanoantioxidants that
could significantly reduce ROS generation and alleviate
oxidative stress, thereby promoting osteogenic differen-
tiation in the osteoporotic microenvironment.

Since mitochondria are closely associated with oxi-
dative stress and apoptosis, we next investigated their
impact on cellular biological functions. First of all, the
mitochondrial membrane potential (AY,) of MC3T3-
E1 cells, a critical indicator of mitochondrial function,
was evaluated using the cationic dye JC-1, which could
form aggregates (red fluorescence) in mitochondria with
high AY | levels but shift to a monomer (green fluores-
cence) in the cytosol when the mitochondria were dam-
aged. As shown in CLSM images and quantitative results,

Fig. 2 CNs reduce oxidative stress and promote osteogenic differentiation. A Cell viability of MC3T3-E1 cells treated with different concentrations
of CNs over 5 days (n=3). B CLSM images for observing cellular uptake of D-CNs at different times. Blue fluorescence represents cell nuclei

stained by Hochest 33342, green fluorescence represents DiO-labeled CNs. Scar bar: 30 um. C Flow cytometry images and D mean fluorescence
intensity of D-CNs at different times for detecting cellular uptake (n=3). E Flow cytometry images and F quantitative analysis of the D-CNs
internalization after pretreatment with different inhibitors (n=3. ***p <0.001. Statistical significance was calculated by one-way ANOVA, followed
by the Tukey post-hoc test). G Cell viability of MC3T3-E1 cells vs different concentrations of CNs under the condition of oxidative stress, 1 mM H,0,
stimulates cells 6 h to build an oxidative stress model (n=3.**p<0.01, ***p < 0.001. Statistical significance was calculated by one-way ANOVA,
followed by the Tukey post-hoc test). H Flow cytometry images and CLSM images of intracellular ROS in MC3T3-E1 under different treatment
conditions stained by DCFH-DA. Scar bar: 100 um. I ALP and ARS staining images of MC3T3-E1 cells after incubation with different concentration
CNs under H,0, stimulation. J Semi-quantitative statistics of ALP expression positive area of MC3T3-E1 cells on day 3 after treatment with CNs
under conditions of oxidative stress (n=3. ***p <0.001. Statistical significance was calculated by one-way ANOVA, followed by the Tamhane
post-hoc test). K Semi-quantitative of mineralized nodules of MC3T3-E1 cells on day 5 after treatment with CNs under conditions of oxidative stress
(n=3.%*p<0.001. Statistical significance was calculated by one-way ANOVA, followed by the Tamhane post-hoc test). L-O gPCR analysis for mRNA
levels of osteogenic markers including ALP (L), Runx2 (M), OPN (N), and OCN (O, n=3.*p < 0.05, **p <0.01,***p < 0.001. Statistical significance

was calculated by one-way ANOVA, followed by the Tukey post-hoc test). All data were presented as mean +s.d.
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the red/green ratio declined to 52.7% in the H,O, group
compared to the control group, testifying serious mito-
chondrial damage and cell apoptosis. Nevertheless, there
was a significant increase in the red/green ratio (85.8%)
after exposure to 200 pg/mL CNs for 24 h, implying an
apparent protection against oxidative stress (Fig. 3A, C,
Additional file 1: Fig. $28-530). Bio-TEM images showed
that mitochondrial membrane density increased and
mitochondrial cristae decreased or even vanished upon
H,O, stimulation, which was significantly restored
after CNs treatment (Fig. 3B, D). We turned to visual-
ize the dynamic changes of the mitochondria by confo-
cal microscopy after MitoTracker staining. As shown in
Fig. 3E, the mitochondria in the H,O, group exhibited
shrinkage and a reduced area. However, treatment with
CNs significantly restored the mitochondrial morphol-
ogy, suggesting a recovery of mitochondrial integrity and
function. Next, we assessed mitochondrial functional-
ity by measuring the oxygen consumption rate (pmol/
min/cells) using Seahorse technology. After treatment
with 1 mM H,0,, basal respiration, mitochondrial-
linked ATP production, and maximal respiration, were
significantly reduced compared to the control group.
The addition of 200 pg/mL CNs enhanced basal respi-
ration, maximal respiration, and mitochondrial-linked
ATP production, indicating that CNs could effectively
restore mitochondrial functionality (Fig. 3F, G). Mean-
while, the activity of pro-apoptotic Caspase-3 was raised
5.1-fold once pretreatment with 1 mM H,0O, compared
to the control group. As expected, the treatment of
200 pg/mL CNs dramatically down-regulated the activ-
ity of Caspase-3 (Fig. 3H). Since excess ROS plays a criti-
cal role in apoptosis, TUNEL staining images revealed
that oxidative stress induced by H,O, significantly trig-
gered apoptosis in MC3T3-E1 cells. In contrast, the CNs
group exhibited minimal apoptosis, as indicated by a
weak red fluorescence signal (Fig. 3I). Besides, we used
flow cytometry to investigate the fate of MC3T3-E1 cells

(See figure on next page.)
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following treatment with CNs. Pretreatment with H,O,
resulted in 7.2% late apoptotic cells and 4.5% necrotic
cells. However, CNs significantly protected MC3T3-E1
cells from apoptosis, resulting in a low proportion of
apoptotic (5.0%) and necrotic (2.7%) cells (Fig. 3], K). The
qPCR results also demonstrated that H,0O, increased the
mRNA levels of the pro-apoptotic gene BCL2-associated
X (Bax) and inhibited the expression of the anti-apop-
totic gene B-cell lymphoma-2 (Bcl-2) compared to the
control group (Fig. 3L). Taken together, CNs could suc-
cessfully protect osteoblast cells from apoptosis thanks to
their powerful antioxidant capacity.

To explore the combined effects of lipid and organic
oxygen compounds derived from CNs, large unilamellar
vesicles as mimicking CNs (MCNs) composed of GMS,
Eru, Fru, and QA were prepared using the membrane-
sonication method (Fig. 4A) [62]. The concentrations of
GMS, Eru, Fru, and QA in MCNs align with the contents
observed in CNs (Additional file 1: Table S1). As shown
by the DLS results in Fig. 4B and C, MCNs had an aver-
age size of 267.2 nm and a negative surface charge of
— 22.8 mV, similar to the nanostructures of CNs. Next,
we proceeded to test the total ROS elimination ability
using the ABTS™ assay. Single compounds, such as GMS,
Eru, Fru, and QA, exhibited a very weak antioxidant
capacity, as they were able to eliminate less than 10% of
ABTS* radicals. When these compounds were prepared
into MCNss, the clearance rate was significantly increased
to 13.0%. As anticipated, our CNs exhibited the highest
clearance rate of 70.1%, illustrating the synergistic effect
of many kinds of compounds (Fig. 4D). In addition, we
also disclose their biocompatibility with MC3T3-E1 cells
under high oxidative stress that mimics the microenvi-
ronment of osteoporosis (Fig. 4E). Individual GMS and
Eru molecules exhibited significant cytotoxicity towards
MC3T3-E1 cells over a 24-h treatment period, which may
be attributed to their hydrophobic nature and their abil-
ity to disrupt cell membranes. However, both MCNs and

Fig. 3 CNsimprove osteoblast function in the osteoporotic microenvironment. A Representative fluorescent images under different treatment

conditions detected by JC-1 staining (n=3). Scar bar: 200 um. B Representative images of mitochondrial morphology under Bio-TEM (n=3). Scar
bar (from top to bottom): 2 um, 1 um, 20 nm. C Semi-quantitative analysis of A¥Ym under different treatment conditions detected by JC-1 staining
(n=3."p<0.01,**p<0.001. Statistical significance was calculated by one-way ANOVA, followed by the Tukey post-hoc test). D Semi-quantitative
analysis of mitochondria number (n=3.*p <0.05. Statistical significance was calculated by one-way ANOVA, followed by the Tukey post-hoc test). E
Representative images for Mitotracker Red CMXRos staining. Scar bar (from top to bottom): 25 um, 5 um. F Seahorse analysis and G Basal respiration,
ATP-linked respiration, and maximal respiration on MC3T3-E1 cells treatment with H,0, or H,0,+CNs (n=5.**p <0.01, ***p <0.001. Statistical
significance was calculated by one-way ANOVA, followed by the Tukey post-hoc test). H The activity of Caspase-3 after treatment in different groups
(n=3.**p<0.01. Statistical significance was calculated by one-way ANOVA, followed by the Tukey post-hoc test). | Representative fluorescent
images of TUNEL staining under different treatment conditions. Scar bar: 200 um. J Flow cytometry apoptosis analysis and K quantitative analysis

of apoptosis rate of different groups (n=3. ***p <0.001. Statistical significance was calculated by one-way ANOVA, followed by the Tukey post-hoc
test). L gPCR analysis for mRNA levels of Bcl-2/Bax characterizes the degree of cell apoptosis (n=3. *p < 0.05. Statistical significance was calculated
by one-way ANOVA, followed by the Tukey post-hoc test). All data were presented as mean +s.d.
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CNs demonstrated exceptional compatibility, with cell
viability significantly increased compared with the H,O,
group, which indicated that multicomponent synergies
and nanoparticulate effects enhanced cell compatibil-
ity. MCNs had moderate effects on ROS elimination and
restoration of mitochondrial functions (Fig. 4F, G, Addi-
tional file 1: Fig. S31, S32). ALP staining image results
revealed that individual Fru and QA molecules had mini-
mal impact on ALP expression. In contrast, the MCNs
group exhibited moderate ALP expression levels, while
the CNs group demonstrated the highest ALP expression,
attributable to the synergistic effects of multiple compo-
nents (Fig. 4H, Additional file 1: Fig. S33). In addition, the
degree of mineralization, as shown in Fig. 41, followed
this order: CNs>MCNs > QA > Fru (Additional file 1: Fig.
S34, S35). As a result, CNs possessed excellent abilities to
eliminate oxidative stress, restore osteoblast activity, and
promote osteogenic differentiation through the synergis-
tic effects of multiple active components.

RNA sequencing to analyze the cellular signaling
mechanisms of CNs alleviate oxidative stress and restore
osteoblast activity.

Next, we employed transcriptome RNA sequencing to
elucidate the cellular signaling mechanisms by which
CNs alleviate oxidative stress and restore osteoblast
activity. As shown in Fig. 5A and B, a total of 4482 DEGs
were identified between the H,O, and control groups,
with 2684 upregulated genes and 1798 downregulated
genes. In the H,0,+ CNs group compared to the H,O,
group, 563 genes were upregulated and 260 genes were
downregulated. Then, the results of the GO functional
enrichment analysis indicated that DEGs between H,O,
and control groups were predominantly enriched in pro-
cesses related to cell differentiation, cell communica-
tion, biological regulation, and MAP kinase phosphatase
activity (Fig. 5C, Additional file 1: Table. S4). Besides, the
KEGG analysis showed that these genes were primarily
associated with MAPK and calcium signaling pathways,
which play important roles in oxidative stress response
and bone regeneration (Fig. 5D). After treatment with
CNs, GO analysis revealed that the DEGs between
H,0,+CNs and H,0, groups were mainly associated

(See figure on next page.)
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with cell development, cell communication, calcium ion
binding, and ion channel activity (Fig. 5E, Additional
file 1: Table. S5), while KEGG results suggested that the
calcium signaling pathway may play a crucial part in reg-
ulating oxidative stress and accelerating osteogenic dif-
ferentiation (Fig. 5F, Additional file 1: Fig.S36, S37, and
Table. S6). After normalizing to the control group, heat
maps of DEGs associated with calcium and MAPK sign-
aling pathways were generated to reveal the expression
intensities. Many genes in the calcium signaling pathway
(Fig. 5G), such as ATPase, Ca+ +transporting, plasma
membrane (Atp2b), 5-hydroxytryptamine receptor 2A
(Htr2a), and 5-hydroxytryptamine receptor 5A (Htr5a),
were significantly down-regulated in the H,O, group.
However, treatment with CNs effectively reversed this
downregulation. Recent studies have shown that high
oxidative stress conditions can disrupt calcium homeo-
stasis and induce apoptosis through the calcium signaling
pathway [19, 63]. Therefore, we next examined intracel-
lular calcium concentrations via a calcium colorimetric
assay kit. Intracellular calcium concentrations increased
significantly by 6.7 times following exposure to 1 mM
H,0,, in comparison to the control group. However, the
administration of 200 pg/mL CNs could reduce the intra-
cellular calcium concentration (Fig. 5I). For the MAPK
signaling pathway, oxidative stress in the H,O, group
induced the upregulation of dual specificity phosphatase
6 (Dusp6), Duspl0, and transformation-related protein
53 (Trp53) and promoted the downregulation of mito-
gen-activated protein kinase 10 (Mapk10). Nevertheless,
CNs could protect cells from the harmful effects of oxi-
dative stress on the MAPK signaling pathway, resulting in
similar gene expression profiles between the CNs-treated
and control groups (Fig. 5H). qPCR results found that
stimulation of MC3T3-E1 cells with H,O, led to upregu-
lation of Dusp6 (4.1 fold), Dusp10 (40.5 fold), and Trp53
(2.1 fold), while the Mapk10 was downregulated to 28.8%.
However, there were weaker expression changes in the
above genes following the treatment of CNs, which well
agreed with RNA sequencing results (Fig. 5]). In conclu-
sion, CNs could reverse the influence of oxidative stress
on calcium and MAPK signaling pathways, rebalance cal-
cium homeostasis, and enhance osteoblast viability.

Fig. 4 Characterization and bioactivity evaluation of MCNs. A Schematic illustration of the synthesis of MCNs. B Size distribution and C zeta
potential of MCNs (n=3). D ABTS™ radical scavenging capacity of GMS, Eru, Fru, QA, MCNs, and CNs (n=3. ***p <0.001. Statistical significance

was calculated by one-way ANOVA, followed by the Tukey post-hoc test). E Cell viability of MC3T3-E1 cells after treatment with different groups

for 24 h under the condition of oxidative stress (n=3. ***p <0.001. Statistical significance was calculated by one-way ANOVA, followed by the Tukey
post-hoc test). F Representative fluorescent images under different treatment conditions detected by JC-1 staining. Scar bar: 200 um. G CLSM
images of intracellular ROS in MC3T3-E1 cells under different treatment conditions stained by DCFH-DA. Scar bar: 50 um. H ALP staining images
and I ARS staining images of MC3T3-E1 cells after incubation with different groups with H,O, stimulation. Scar bar: 100 um. All data were presented

as mean=+sd.
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In vivo osteoporosis reversal
After confirming their robust antioxidant capacity and
satisfactory osteogenic differentiation effects in vitro,

we proceeded to thoroughly assess the in vivo perfor-
mance of CNs. We established the OVX model by sur-
gically removing both ovaries from C57BL/6] mice for
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subsequent studies[64, 65]. To visually investigate their
in vivo fate, CNs were labeled with fluorescent dye DiO.
After intravenous injection of D-CNs into the OVX
model, the plasma drug concentration versus time pro-
files were shown in Additional file 1: Fig. S38 and S39,
and the pharmacokinetic parameters were listed in
Additional file 1: Table S7. CNs exhibited a long half-life
period (t; /54, 37.2 h), with an area under the curve (AUC
0—co) Of 31.8 mg L™! h. DiR, a commercially available near-
infrared fluorescent probe known for its powerful mem-
brane affinity. The in vivo distribution of DiR-CNs was
visualized using a fluorescence imaging system. As shown
in Fig. 6A, the DiR-CNs group exhibited progressively
stronger fluorescence in bone tissues over the 24-h treat-
ment period. In contrast, the individual DiR molecules
group displayed only a very weak fluorescence signal after
up to 24 h of treatment. Quantitative analysis revealed
that the fluorescence intensity at the femur and tibia sites
in the DiR-CNs group was 19.6-fold higher compared to
the DiR group (Fig. 6B). These results fully suggested that
CNs could passively target osteoporotic bone tissues due
to the presence of noncontinuous bone marrow capillar-
ies. Upon exposure to acidic osteoporotic microenviron-
ment (pH 4.0), CNs undergo a transformation into larger
particles. This change occurs due to alterations in surface
charge driven by electrostatic interactions, which may
potentially enhancing their retention within bone tissue.
Next, we evaluated the in vivo antioxidant properties and
bone regeneration effects in the OVX mouse model. As
shown in Fig. 6C, CNs were intravenously injected once
every 3 days for 8 weeks. 17B-estradiol, a commonly used
clinical osteoporosis drug, was selected as a positive con-
trol group for in vivo study. After 8 weeks, bone tissues
were collected and stained for ROS using a DHE fluores-
cence probe. The ROS fluorescence intensity was higher
in the OVX model group compared to the sham group,
indicating enhanced oxidative stress in the microenviron-
ment associated with osteoporosis. After treatment with
2.5 mg/kg CNs, the ROS level significantly decreased
compared to the OVX group, which was consistent with
previous results (Additional file 1: Fig. S40, S41). After
confirming strong antioxidant capacity, we proceeded

(See figure on next page.)
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to observe bone regeneration using micro-CT and 3D
reconstruction (Fig. 6D). Cross-sectional 2D images and
3D reconstruction images displayed severe bone loss in
the OVX mice. However, better connectivity and organ-
ized architecture of the trabecular bone were observed
after CNs treatment, resembling the results seen in the
E,-positive group. In the quantitative results (Fig. 6E-I),
the CNs group exhibited values of BV/TV (%), BMD (g
cm™3), Tb. N (mm™!), Tb. Th (mm), and Tb. Sp (mm) of
7.0%, 0.16 g cm™, 1.37 mm™’, 0.05 mm, and 0.29 mm,
respectively. Moreover, no significant difference was
observed between the CNs group and the sham group.
Nevertheless, the OVX model group demonstrated lower
values of BV/TV (3.6%), BMD (0.11 g cm™3), Tb. N (0.87
mm™?), and Tb. Th (0.04 mm), as well as a higher value
of Tb.Sp (0.36 mm). Meanwhile, the serum concentra-
tion ratio of bone formation-related marker calcium to
phosphorus (Ca/P) also showed the same trend between
the different groups (Fig. 6]). Notably, CNs have shown
enormous potential as nanoantioxidants in terms of bone
tissue retention and reversing osteoporosis.

To investigate the impact of CNs on bone metabo-
lism, femoral tissues underwent detailed analysis using
H&E staining as well as Masson staining. As shown in
Fig. 7A, thin and loosely arranged microarchitectures
were observed in the OVX model. As anticipated, the
femoral tissues exhibited increased density and com-
pactness following the CNs treatment regimen. Further-
more, Masson trichrome staining revealed a prominent
osteoid matrix and decreased presence of lipid droplets
in the CNs group (Fig. 7B). After the treatment period
of 8 weeks, the administration of CNs resulted in a sig-
nificant decrease in DusplO-positive cells, showing a
2.5-fold reduction compared to the OVX group (Fig. 7C,
D). More importantly, the number of JNK-positive cells
was significantly increased compared to the OVX group
(Fig. 7E, F). These results suggested that CNs counter-
acted bone loss in osteoporosis by regulating the micro-
environment through the MAPK signaling pathway.

Last but not least, we thoroughly evaluated the
biosafety of CNs, as excellent biocompatibility is crucial
for their application in translational medicine. As shown

Fig. 5 Cellular signaling mechanisms of CNs alleviate oxidative stress and restore osteoblast activity. A Venn plot showing differential gene
expression among groups. B Volcano map of DEGs about H,O, vs control, H,0, + CNs vs H,0,. C GO circle enrich diagram and D KEGG
enrichment bubble diagram of DEGs and pathways between H,O, and control. E GO and F KEGG enrichment analysis of DEGs and pathways
between H,0,+CNs and H,0O, (BP: Biological Process; CC: Cell Component; MF: Molecular Function). The ID information of the GO term is reported
in detail in supplementary Table S4 and S5 in the Additional file 1. G Differential gene expression profiles of calcium signaling pathway and H
MAPK signaling pathway among three groups (n=3). | Intracellular calcium concentrations of MC3T3-E1 cells with different treatments normalized
relatively to protein concentrations per well (n=3. ***p <0.001. Statistical significance was calculated by one-way ANOVA, followed by the Tukey
post-hoc test). J gPCR analysis for mRNA levels of Dusp6, Dusp10, Mapk10, and Trp53 (n=3. *p < 0.05. Statistical significance was calculated

by one-way ANOVA, followed by the Tamhane post-hoc test). All data were presented as mean +s.d.
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in Fig. 8A-D, the body weights increased from 18.2 to
24.0 g after treatment with 2.5 mg/kg of CNs. The results
of the in vivo blood routine examination revealed that all
key hematological parameters in the mice showed neg-
ligible changes (Fig. 8E). There were no significant fluc-
tuations in liver functional indexes (ALT and AST) and
kidney functional indicators (BUN and CREA) between
the CNs-treated group and the sham group (Fig. 8F-I).
H&E staining images disclosed that CNs had no sig-
nificant effect on the major organs, including the heart,
liver, spleen, lung, and kidney (Fig. 8]). In consequence,
nanovesicles derived from carrots possessed good bio-
compatibility, offering huge potential in the treatment of
osteoporosis and other biomedical applications.

Conclusion

In summary, we successfully constructed nan-
ovesicles derived from carrots as a novel type of
nanoantioxidants to modulate the oxidative stress micro-
environment, thereby aiding in the reversal of bone rar-
efaction. Nanovesicles were obtained with well-defined

(See figure on next page.)
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bilayer membrane structures, enriched with active
ingredients. Nanovesicles demonstrated excellent dis-
persion under normal physiological conditions with sig-
nificant stealth ability. However, at pH 4.0 mimicking an
acidic osteoporotic microenvironment, they aggregated
into larger particles, enhancing their retention within
osteoporotic bone tissue. The nanovesicles effectively
scavenged ROS and relieved oxidative stress, therapy
restoring the mitochondrial function and osteogenic
differentiation of osteoblast in vitro. Furthermore, nan-
ovesicles could passively target and aggregate in bone tis-
sue after an extended period in the bloodstream, which
could help alleviate oxidative stress and reverse bone loss
in vivo. Next, we aim to conduct an in-depth study com-
paring the efficacy and safety of these nanovesicles with
existing treatments, such as bisphosphonates, estrogen,
and calcium. This work presents the first demonstration
of nanovesicles derived from carrots as innovative nano-
antioxidants with the potential to promote osteogenesis,
offering significant promise for clinical applications in
osteoporosis treatment.

Fig. 6 In vivo distribution and promotion of osteogenesis in ovariectomized mice by tail vein injection of CNs. A Living fluorescence imaging

of C57BL/6J mice’s whole body and various tissues, including heart, liver, spleen, lung, kidney, and bone, after intravenous injection of PBS, DiR,
and DiR-CNs for 24 h. B DiR dye intensity was measured using the Living Image software (n=3, ***p <0.001. Statistical significance was calculated
by one-way ANOVA, followed by the Tukey post-hoc test). C Schematic diagram of the establishment of animal models and treatment procedure.
D Representative images of 3D micro-CT images of the structure of metaphyseal trabecular bone in the distal femur showing bone loss in OVX
mice and regaining of bone mass by treatment with 2.5 mg/kg CNs. The areas magnified displayed the cross-section in 2D vision and partial
bone volume in 3D vision, respectively. E-l Quantification of BV/TV (%), BMD (g cm™), Tb. N (mm™"), Tb. Th (mm), and Tb. Sp (mm, n=3.*p <0.05,
**p<0.01, NS, not significant. Statistical significance was calculated by one-way ANOVA, followed by the Tukey post-hoc test). J The serum
concentration ratio of bone formation-related marker calcium to phosphorus in different groups (n=3. *p <0.05, NS, not significant. Statistical
significance was calculated by one-way ANOVA, followed by the Tukey post-hoc test). All data were presented as mean+s.d.
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Fig. 7 Histological and immunohistochemical analysis. Representative images of (A) H&E and (B) Masson staining images of decalcified femoral
sections. Scar bar: 500, 100 um. Immunohistochemical images of decalcified femoral sections for (C) Dusp10 and (E) JNK protein in different
groups. Scar bar: 40 um. Semi-quantitative analysis of positively stained areas of (D) Dusp10 and (F) JNK in different groups (n=3, **p < 0.001.
NS, not significant. Statistical significance was calculated by one-way ANOVA, followed by the Tukey post-hoc test). All data were presented

as mean=+sd.



Peng et al. Journal of Nanobiotechnology ~ (2025) 23:206 Page 23 of 27

O
O

—— OVX+PBS

— OVX+CNs — OVX+Ez

3 C) ) C)
L = =4 =
2 2 2 2
o 2 22 2 2 %
15 15 15
1234567809 123456789 123456789 123456789
Time (week) Time (week) Time (week) Time (week)
T e .
1 1
: ° . . ° . ° . ® ° <] . ° @ . :
' . 5 @ @ c o - ® s+ o @ - ® @ ' e@shomirss
1 1
i ® o . ® ° . . (] . e . ® ® . 1 @ OVX+PBS
1
'e @ - ® - ® « e - @ o o @ + O @ | eovxchs
R « o+ o c e - @ ¢ o @ + O @O [ eovxeE
. W e % e - e s e @ -0 @®!
R I T Y BRI 3
1. ° . . ° . . ° . Q . L] . . [ J . : o5
1
e [ ] . ° . [} . . ° . [ ] ° [} . . S . : 010
1
. ° . . ® . . ° . ® ° ° . . @ ' 1 O15
1 1
. e . . @ . ° . @ ° ® . . . . : 020
: . ° . . o . ° ° . ® ° ® ‘ . [2) . 1
A I S M e s oo e e R “
49 g a I 5 = § g 4 5 @ © 4 g 2 2 2
= g = = = = 2 £ 8§ =2 £
€ 2 ¢ 2 £ £ o 2 & T 2 ¢ & 3 & 3 2
S 8 8 8 4 &g s 2 > = 2 & a
-~ = = [a) o
=4 T T = = = =z S T - r = -
~ = = c o= w ] 5) =
Q S S ® (6] o = = I =
@ 3 = o @ I o T
z I © =
F . G 5 | =
NS NS NS . NS
a” 5 = 3
-l 200
S | & 5 2 £
=2 = E2 =
ar 7 z 5
b < 100 3.0 @
10 O 1w
0 o o 0
Sham OVX CNs E: Sham OVX CNs Ez Sham OVX CNs E: Sham OVX CNs E:

Liver

CNs

E2

Fig. 8 In vivo safety evaluation. A-D Body weight of mice in different treatment groups over 8 weeks (n=5). E Routine blood tests of mice
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with different concentrations of CNs. Scar bar: 100 um. Fig S25. Semi-
quantitative statistics of ALP expression positive area of MC3T3-E1 cells

on day 3 after treatment with CNs (n=3). Fig $26. ARS staining images

of MC3T3-E1 cells after incubation with different concentrations of CNs.
Scar bar: 100 um. Fig $27. Semi-quantitative statistics of mineralized
nodules of MC3T3-E1 cells on day 5 after treatment with CNs (n=3). Fig.
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group. Scar bar: 200 um. Fig. S29. Representative fluorescent images of
JC-1 staining in the H,0, group. Scar bar: 200 um. Fig. $30. Representative
fluorescent images of JC-1 staining in the H,0,+CNs group. Scar bar: 200
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calculated by one-way ANOVA, followed by the Tukey post-hoc test). Fig
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**p<0.01. ***p<0.001. Statistical significance was calculated by one-way
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stimulation. Scar bar: 100 um. Fig $35. Semi-quantitative statistics of min-
eralized nodules of MC3T3-E1 cells on day 5 after treatment with Fru, QA,
MCNs, and CNs under conditions of oxidative stress (n=3. **p<0.001.
Statistical significance was calculated by one-way ANOVA, followed by the
Tukey post-hoc test). Fig. $36. GO circle enrich diagram of DEGs and path-
ways between H,0,+CNs and control groups. Fig. S37. KEGG enrichment
bubble diagram of DEGs and pathways between H,0,+CNs and control
groups. Fig $38. Standard curve of DiO fluorescence intensity versus
concentration in plasma. Fig $39. In vivo pharmacokinetics of D-CNs after
intravenous injection into mice (n=3). Fig S40. Representative images
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***p<0.001. Statistical significance was calculated by one-way ANOVA,
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Component; MF: Molecular Function. Table S5. The ID information of
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enrichment analysis between H,0,+CNs and H,O, groups. Table S6. The
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to this ID of GO enrichment analysis between H,0, + CNs and control
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