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Background: Naringin is a naturally occurring flavanone that promotes osteogenesis. Owing to the high lipophilicity, poor in vivo
bioavailability, and extensive metabolic alteration upon administration, the clinical efficacy of naringin is understudied. Additionally,
information on the molecular mechanism by which it promotes osteogenesis is limited.

Methods: In this study, we prepared TAT & RGD peptide-modified naringin-loaded nanoparticles (TAT-RGD-NAR-NPs), evaluated
their potency on the osteogenic differentiation of human dental pulp stem cells (hDPSCs), and studied its mechanism of action through
metabolomic analysis.

Results: The particle size and zeta potential of TAT-RGD-NAR-NPs were 160.70+2.05 mm and —20.77+0.47mV, respectively. The
result of cell uptake assay showed that TAT-RGD-NAR-NPs could effectively enter hDPSCs. TAT-RGD-NAR-NPs had a more
significant effect on cell proliferation and osteogenic differentiation promotion. Furthermore, in metabolomic analysis, naringin
particles showed a strong influence on the glycerophospholipid metabolism pathway of hDPSCs. Specifically, it upregulated the
expression of PLA2G3 and PLA2GI1B (two isozymes of phospholipase A2, PLA?2), increased the biosynthesis of lysophosphatidic acid
(LPA).

Conclusion: These results suggested that TAT-RGD-NPs might be used for transporting naringin to hDPSCs for modulating stem cell
osteogenic differentiation. The metabolomic analysis was used for the first time to elucidate the mechanism by which naringin
promotes hDPSCs osteogenesis by upregulating PLA2G3 and PLA2G1B.
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Introduction

Naringin (4°, 5, 7-trihydroxy flavanone-7-rhamnoglucoside) is a flavanone glycoside found in grape fruit and other citrus
fruits and exhibits many pharmacological activities.! It exists as a mixture of chiral isomers and is mixture of chiral
isomers and is associated with fruit maturation and purification.” Naringin is also used in traditional Chinese medical
regimens for the treatment of osteoporosis.® The anti-inflammatory, antioxidant, and anti-apoptotic properties of naringin
were demonstrated in preclinical in vitro and in vivo models of atherosclerosis,* cardiovascular disease,” various
cancersf’7 diabetes mellitus,8 neurodegenerative conditions,9 osteoporosis,lo and rheumatic diseases.'! Naringin pro-
motes the secretion of bone morphogenetic proteins (BMPs) and enhances the proliferation and osteoblast differentiation
of BMSCs (bone marrow stromal cells), thus improving bone strength and bone mineral density.'?
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Naringin is highly lipophilic and accumulates more in the stomach and less in the brain due to the blood-brain
barrier.” However, as the in vivo bioavailability of naringin is poor and it causes extensive metabolic alterations, its
clinical efficacy is limited.'* The main solvents for administering naringin in vivo and in vitro are DMSO (dimethyl
sulfoxide) alcohols that have high cytotoxicity and poor cellular uptake and highly restrict the efficacy of naringin.'
Researches on the method to prepare naringin were very limited, and there was no targeted modification of nanoparticles.
For example, naringin-loaded micelles'> were prepared with the aim to augment its pro-osteogenic effect in human
adipose-derived stem cells (hASCs). Naringin nano micellar formulations attained a higher pro-osteogenic effect than
that of free drug, but the internalization efficiency was unsatisfactory. Naringin was added directly into gelatin
methacryloyl (GeIMA) film'® or metal-organic frameworks (MOFs)'” to control drug release. Peptide
nanobiotechnology'® has experienced a long and enduring development and plays an important role in drug
delivery.'>** The nanoparticles modified with functional peptides can increase biocompatibility, cellular interactions,
and receptor targeting.21

To address these limitations, in this study, we prepared the naringin-loaded liposome nanoparticles modified with TAT
& RGD peptides (TAT-RGD-NAR-NPs) and evaluated their osteogenic differentiation effects on human dental pulp stem
cells (hDPSCs). The arginine-glycine-aspartate (RGD) tripeptides are conjugated to nanoparticles to enhance their ability
to target ligands that can bind specific receptors on the cell membrane, such as avP3 integrin, and are also responsible for
adhering cells to the extracellular matrix.”> RGD peptides have been used extensively in biomedical research.” Integrins
are a group of transmembrane receptors that mediate interactions between cells and components of the extracellular
matrix.”* Integrinavp3 are prominent receptors associated with the adhesion and osteogenic differentiation of osteoblasts
and mesenchymal stem cells (MSCs) but are usually expressed at low levels.?> Naringin is highly lipophilic with poor
drug solubility and low cellular uptake and thus, cannot enter the membrane and the nucleus efficiently. To overcome this
problem, cell-penetrating peptides (CPPs), derived from the transactivator of transcription (TAT), which facilitate cellular
uptake of various molecular cargos, were covalently or non-covalently attached to nanoparticles.® The results indicated
that the TAT&RGD-modified naringin-loaded nanoparticles internalized more drugs in the cells than that achieved by the
same concentration of free naringin.

Metabolomics is a very powerful research tool in the field of natural and life sciences for elucidating biological
perturbations in response to internal or external stimuli.’” We performed metabolomic analysis by conducting ultra-
performance liquid chromatography combined with quadrupole time-of-flight tandem mass spectrometry (LC-MS/MS) to
investigate the mechanism by which naringin promotes the osteogenic differentiation of hDPSCs. We used the non-
targeted approach to detect the overall profile in a single analysis and combined it with multivariate statistics to identify
biomarkers that were different from the control. These findings provided an insight into the mechanism by which
naringin influences osteogenic differentiation of DPSCs, and thus, this study might provide a scientific basis for the
clinical application of naringin. The schematic illustrations of TAT-RGD-NAR-NPs and their cellular behavior are shown
in Figure 1.

Experimental procedures

Materials

Naringin was purchased from J&K Scientific Co., Ltd. (Purity 98%, Beijing, P. R. China). The peptides TAT
(YGRKKRRQRRR, Purity 98.53%) and RGD (Purity 98.88%) were synthesized by China Peptides Co., Ltd. (Suzhou,
P. R. China). Phosphatidylcholine, DSPE-PEG2000-COOH, and cholesterol were purchased from Sunlipo Biotechnology
Co., Ltd. (Shanghai, P. R. China). Coumarin (C6) was purchased from Beijing Perenley Biotechnology Co., Ltd.(Beijing,
P. R. China). The fluorescein isothiocyanate/propidium iodide (FITC/PI) apoptosis detection kit and the cell counting kit-
8 (CCK-8) were bought from Dojindo Laboratories (Kumamoto, Japan). 5-diphenyltetrazolium bromides (MTTs) were
purchased from Sigma Aldrich (St Louis, MO, USA). Fetal bovine serum (FBS) and thea-MEM medium were provided
by Thermo Fisher Scientific (Waltham, MA, USA). Trypsin-EDTA (0.25%), the penicillin/streptomycin solution and the
PBS buffer were provided by Bairui Biotechnology Co., Ltd.(Nanjing, P. R. China).

All regular chemicals were of reagent grade and were purchased from Sigma-Aldrich unless otherwise stated.
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Figure | Schematic diagram of the process of this study. (A) Synthesis of NAR-PC complex. (B) Modification process of NAR-NPs. (C) A schematic diagram of the
mechanism by which modified NAR-NPs promote osteogenic differentiation of hDPSCs.
Abbreviations: NAR, naringin; NPs, nanoparticles.

Synthesis and Formulation of TAT &RGD-Modified Naringin-Loaded Nanoparticles
(TAT-RGD-NAR-NPs)
The naringin-loaded liposomes were prepared before the synthesis of the TAT-RGD-NAR-NPs. Naringin (NAR) and
phosphatidylcholine (PC) (molar ratio: 1.2:1) were placed in a triangular flask containing 100 mL of tetrahydrofuran.
After stirring the mixture for 3h in a water bath at 50°C, the tetrahydrofuran was clarified and dried at 40°C under
reduced pressure. Free naringin was removed by passing the solution through a membrane (0.22 um) after the NAR-PC
was dissolved in petroleum ether. The filtrate was evaporated by reducing the pressure, and the purified NAR-PC was
collected.

Next, 1.5mg of NAR-PC, 5.5mg of lecithin, 2mg of cholesterol, and 1mg of DSPE-PEG2000-COOH were dissolved
in 2mL anhydrous methanol. A lipid film formed at the bottom of the eggplant-shaped bottle by vacuum distillation.
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Then, SmL PBS solution (pH = 7) was added, and the nanoliposome-loaded naringin was obtained by extrusion filtration
with 400 nm, 200 nm, 100 nm, and 80 nm filter membrane and stored at 4°C. The blank NPs were prepared by the same
method as the control particles.

The pH of the naringin liposome solution was adjusted to 6 by adding disodium hydrogen phosphate solution. The
carboxyl group of the NAR-NPs was activated by EDC (0.1mg/mL), and then the solution was incubated for 4 h with the
peptides TAT and RGD (5mg/mL, respectively). The unattached polypeptide was removed from the Sephadex-25 gel
column after 4 h of incubation. The NAR-NPs were modified by the TAT and RGD peptides. The solution was
concentrated using an ultrafiltration centrifugation column and stored at 4°C.

Physicochemical Characterization

The particle size and zeta potential of the NPs were measured by dynamic light scattering and electrophoretic light
scattering (Mastersizer 3000; Malvern Instruments Ltd., Malvern, UK). The morphological characteristics of the NPs
were observed under a transmission electron microscope (JEOL2010; Japan Electronics Co., Ltd., Japan).

Drug Loading and in vitro Drug Release

The NAR-NPs were broken down thoroughly by ultrasound for 10 min after the NAR-NPs (10uL) were dissolved in
methanol (90uL). Then, 50uL of the supernatant from the centrifuged solution was diluted to 1mL with the mobile phase
(acetonitrile: water =20:80). Finally, the concentration of naringin was determined at 283nm using an HPLC system (LC-
16; Shimadzu Corporation, Japan). The column used was Zorbax SB-C18 (5um, 4.6mmx=200mm), the mobile phase was
acetonitrile: water (20:80), the injection volume of the sample was 20uL, the flow rate was 1mL/min, and the column
was maintained at 25°C. The percentage of drug loading (DL%) of naringin in the NAR-NPs was calculated as follows:

Weight of encapsulated drug

DL% = — —
0 Weight of NPs after lyophilization

x 100%

The in vitro release of naringin of TAT-RGD-NAR-NPs was evaluated with the dialysis diffusion technique.'> Briefly, the
samples of TAT-RGD-NAR-NPs solution (0.5mL, 0.5mg/mL) and naringin solution (0.5mL, 0.5mg/mL) were added into
a dialysis bag (12kDa). The bags were immersed in 30mL sodium salicylate solution (1 M, pH7.4) and shacked at 100rpm,
37°C. A measured quantity of 0.5mL sodium salicylate solution was taken out and replaced with 0.5mL fresh solution at each
time interval. The content of naringin in each sample was detected by the above established HPLC method after being
centrifuged (12,000 rpm, 10 minutes). Finally, the accumulative release of naringin was calculated and plotted.

Cell Line and Cell Culture

Human dental pulp stem cells (hDPSCs) were used for the in vitro experiments. The tooth surface was sterilized with
75% ethanol, and the pulp was removed in a sterile environment. The pulp was washed with PBS and cut into 1.0mm?
pieces in the a-MEM medium. Then, 0.3% type I collagenase and 0.4% neutral protease (0.5mL each) were added to the
culture medium. The centrifuge tube was gently shaken to allow the pulp pieces to thoroughly mix with the digestive
medium for 30 min at 37°C. An equal volume of a-MEM, containing 20% fetal bovine serum (FBS), was added to
terminate digestion. The cell precipitate and tissue mass were gently blown and centrifuged (1100rpm for 6min). The
supernatant was discarded, and the o-MEM medium containing 20% fetal bovine serum was added. The cell precipitate
was gently blown to form a mixture of single-cell suspension and loose tissue mass and cultured in culture bottles
(25cm?) at 37°C in a 5% carbon dioxide incubator. The medium was changed once a week before cell growth and then
once every three days. The cells were cultured in an o-MEM medium containing 15% FBS, 1% penicillin, and 1%
glutamine after the cell density reached 80%. The third-generation dental pulp cells were used for the experiment. The
expression of CD44, CD90, CD105, CDI11b, CD34, CD45, and CD14 of hDPSCs was detected by flow cytometry.

Cellular Uptake Analysis
Naringin in the NAR-NPs and TAT-RGD-NAR-NPs was replaced by coumarin-6 (C6) to observe and analyze the cellular
uptake and localization of the NAR-NPs and TAT-RGD-NAR-NPs. The uptake of the NPs in the hDPSCs was initially

3272 s International Journal of Nanomedicine 2022:17
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Zheng et al

evaluated by confocal laser scanning microscopy (CLSM, TCS SPS, Leica, Germany). The cells were cultured in a fresh
medium containing C6-loaded NPs, C6-loaded TAT-RGD-NPs, or free C6 (1pg/mL) for 5, 15, 30, and 60 min. The cells
were finally observed through CLSM. Besides analyzing the CLSM data, the uptake of C6-loaded NPs, C6-loaded TAT-
RGD-NPs, or free C6 in the hDPSCs was quantitatively analyzed through flow cytometry (FCM, Becton Dickinson,
Franklin Lakes, NJ, USA).

Cell Viability Assay

The effective concentration of naringin in hDPSCs was determined by performing the MTT assay. The hDPSCs were
used in this assay and seeded in 96-well plates (2x10* cells/mL, 100uL/well). The cells were treated with different
concentrations of naringin (blank, 10, 50, or 100pug/mL) and incubated for 1d, 3d, and 7d. Subsequently, the hDPSCs
were incubated with the MTT solution for 4 h, and then 150pL DMSO was added to dissolve the intracellular formazan
crystals. The OD was recorded by a microplate reader (Rayto RT-6000, Shenzhen, China) at 595nm.

The cytotoxicity of the NPs copolymer and the proliferation effect of NPs in vitro were determined by performing
theCCK-8 assay. Briefly, the hDPSCs (2x10%cells/mL, 100uL/well) were cultured for 24h for attachment in the 96-well
plates, and then, they were treated and cultured with the blank, free naringin, TAT-RGD-NPs, NAR-NPs, and TAT-RGD-
NAR-NPs with 100pg/mL naringin or an equal concentration of the other carriers for 1d, 3d, 5d, 7d, and 9d. Following
the instructions provided in the CCK-8 kit, the cells were cultured in the CCK-8 reagent for 4 h and analyzed at 450nm
using a microplate reader. The morphological changes in the cells of each group were observed using an inverted
microscope (IX71, OLYMPUS, Germany) at each time point.

The viability of the hDPSCs was further examined by performing a staining assay of the living and dead cells after
7d. The cells were stained and incubated for 20 min at room temperature in the dark and observed through CLSM. Living
cells were stained green, and the dead cells were stained red.

Cell Apoptosis Assay

The apoptosis of the hDPSCs caused by free naringin, TAT-RGD-NPs, NAR-NPs, and TAT-RGD-NAR-NPs was
quantitatively analyzed by the Annexin V-FITC/PI double staining assay. The hDPSCs were seeded in six-well plates
(1.5%x10°/well) and cultured for 24h. The cells in each well were washed twice after treatment with a culture medium
containing a solution of naringin, TAT-RGD-NPs, NAR-NPs, and TAT-RGD-NAR-NPs (100pug/mL naringin) for 7d,
collected and centrifuged, dispersed in a binding buffer, and treated following the Annexin V-FITC and PI staining
protocol provided by the manufacturer. The samples were analyzed by FCM.

Cell Cycle Analysis

The effect of naringin, TAT-RGD-NPs, NAR-NPs, and TAT-RGD-NAR-NPs on the cell cycle of the hDPSCs was
analyzed by FCM. The hDPSCs were seeded in a six-well plate and incubated at 37°C for 24h to adhere. Then, the cells
were cultured with the culture medium containing a solution of naringin, TAT-RGD-NPs, NAR-NPs, and TAT-RGD-
NAR-NPs (100pg/mL naringin) for 7d. The cells were harvested and transferred to 70%ethanol (cold) for 24h at —20°C.
The fixed cells were washed with PBS twice and resuspended in 0.5mL cell cycle staining solution for 20 min at room
temperature. The samples were quickly analyzed by FCM.

Determination of VEGF by Real-Time PCR

The expression of VEGF RNA in the hDPSCs cultured with the solution containing naringin, TAT-RGD-NPs, NAR-NPs,
and TAT-RGD-NAR-NPs (100pg/mL naringin) for 7d was tested by real-time PCR. The RNA was extracted using the
RNA simple Total RNA Kit (Yuduo Biotechnology Co., Ltd., Shanghai, China) following the manufacturer’s protocol.
The primer sequences and the amplification program are summarized in Table 1. The amplification reactions were
performed in duplicate, and the amount of cDNA in the reactions was normalized by using an internal control, which was
the constitutively expressed gene GAPDH. The expression of the VEGF mRNA in each group was calculated.
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Table | The Details of the Primer Sequences for
hVEGF and Control

Primers Sequence
hGAPDH-F GCCTTCCGTGTCCCCACTGC
hGAPDH-R GGCTGGTGGTCCAGGGGTCT
hVEGF-F ACTTTCTGCTGTCTTGGGTG
hVEGF-R GGCTTGAAGATGTACTCGAT

Pro-Osteogenic Activity in hDPSCs

Alkaline Phosphatase (ALP) Staining

The ALP activity in the hDPSCs, cultured with the solution containing naringin, TAT-RGD-NPs, NAR-NPs, and TAT-
RGD-NAR-NPs (100pg/mL naringin) for 7d and 14d, was preliminarily observed by ALP staining. The cells were
treated with the alkaline phosphatase calcium cobalt staining kit (KeyGEN BioTECH Co. Ltd., Jiangsu, China) following
the manufacturer’s protocol. The stained cells were observed and photographed by an inverted microscope and detected
by the microplate reader at 450nm.

Expression of the ALP, OCN, RUNX2, BSP, and OSX Genes

The expression of osteogenesis-related genes (ALP, OCN, RUNX2, BSP, and OSX) in the hDPSCs cultured with the solution
containing naringin, TAT-RGD-NPs, NAR-NPs, and TAT-RGD-NAR-NPs (100pg/mL naringin) for 14d and 21d was evaluated
by conducting real-time PCR. The RNA was extracted using the RNA simple Total RNA Kit. The sequences and the
amplification program of the primers are summarized in Table 2. The relative level of expression of each gene was calculated.

Mineralization

To evaluate the mineralization effect of naringin, TAT-RGD-NPs, NAR-NPs, and TAT-RGD-NAR-NPs on the hDPSCs, we
performed Alizarin Red S staining to determine the deposition of calcium nodes in the mineralized cell monolayer. The hDPSCs
were cultured for 14d and 21d in each group, fixed in 4% formaldehyde for 30 min and stained with the Alizarin Red S stain
(Leagene Biotech Co. Ltd., Beijing, China) following the manufacturer’s protocol. The stained cells were observed and
photographed using an inverted microscope and then were decolorized and detected using a microplate reader at 490nm.

Metabolomic Analysis

Non-target metabolomic analysis of the hDPSCs treated with TAT-RGD-NPs, naringin, NAR-NPs, and TAT-RGD-NAR-
NPs was performed with non-treated hDPSCs as the control group (n=3). Briefly, all cells in each group were collected,
and 1000pL of the extract solution (acetonitrile: methanol: water = 2:2:1) was added. The cell solution was mixed

Table 2 The Details of the Primer Sequences
for a Set of Osteogenic Markers and Control

Primers Sequence
hGAPDH-F GCCTTCCGTGTCCCCACTGC
hGAPDH-R GGCTGGTGGTCCAGGGGTCT
hOCN-F CACACTCCTCGCCCTATTG
hOCN-R ACAGTCCGGATTGAGCTCAC
hALP-F GACAGCTGCCAGGATCCTA
hALP-R CTTTCTTGGCCCGATTCAT
h OSX_F CTGGACATGACACACCCCTA
h OSX_R GTCAGATGGGTAGGTGGGC
human RUNX2-F | CACCTTGACCATAACCGTCTT
human RUNX2-R | CTGCCTGGGGTCTGTAATCT
human BSP-F TTCCAGTTCAGGGCAGTAGT
human BSP-R TAACCCTGTATACCCTGTGCC
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thoroughly for 5 min by vortexing, incubated for 1h at —20°C, centrifuged at 12,000 rpm for 15min, and the supernatant
was collected and vacuum dried. The obtained substance was redissolved with 100uL of acetonitrile and tested. Liquid
chromatography-tandem mass spectrometry was performed using an ultrahigh-performance liquid chromatography
system (Nexera X2 system; Shimadzu Corporation, Japan) with an Agilent ZORBAX Eclipse Plus C18 column
(2.1x100 mm, 3.5um) coupled to a mass spectrometer (Triple TOF 5600+, AB SCIEX Corporation; USA). The mobile
phase consisted of A: H,O (0.1% Formic Acid), B: Acetonitrile (0.1% Formic Acid); gradient elution was performed, the
injection volume of the sample was 3pL, the flow rate was 0.5mL/min, and the column was maintained at 35°C.

The mass spectrometer with ionization mode of positive and negative ions was controlled by the acquisition software
(Analyst TF 1.6, Marker View 1.2.1, AB SCIEX Corporation, USA). The ion source temperature was 120°C, the
desolvation temperature was 500°C, the desolvation nitrogen flow was 600L/h, and the cone gas flow was 50L/h. The
capillary ionization voltages of positive and negative ion modes were 3.0kV and 4.5kV, respectively, the sampling cone
voltage was 27eV, the extraction cone was 4eV, and the quadrupole scanning range was 50-1500m/z. The data were
analyzed using MetaboAnalyst 5.0.

Statistical Analysis

Statistical analysis was conducted using SPSS 22 (IBM Corporation, Armonk, NY, USA). The results are shown as the
mean+SD. The differences among the groups were determined by performing ANOVA. The Student’s t-test was
performed to evaluate significant differences between groups with *P<0.05, **P<0.01, and ***P<0.001.

Results
Preparation and Characterization of TAT-RGD-NAR-NPs

The NAR-NPs were prepared according to the method described above. Free naringin was removed by passing the
solution through a membrane (0.22um) after NAR-PC was dissolved in petroleum ether. NAR-PC was collected by
evaporating petroleum ether.

The morphological characteristics of the blank NPs, NAR-NPs, and TAT-RGD-NAR-NPs were observed under
a transmission electron microscope (TEM), and the NPs appeared spherical (Figure 2A). The particle size and zeta
potential of the blank NPs, NAR-NPs, and TAT-RGD-NAR-NPs were measured by dynamic light scattering and
electrophoretic light scattering (Table 3, Figure 2B and C). The particle size of the blank NPs, NAR-NPs, and TAT-
RGD-NAR-NPs were 126.07+0.42nm, 155.57+£0.64nm, and 160.70+2.05 mm, respectively. The zeta potentials of the
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Figure 2 Characterization of the TAT-RGD-NAR-NPs. (A) TEM images of the Blank NPs, NAR-NPs, and TAT-RGD-NAR-NPs (scale bar: 200 nm). (B) The size distribution
of the TAT-RGD-NAR-NPs. (C) The zeta potential of the TAT-RGD-NAR-NPs. (D) The study of release behavior of TAT-RGD-NAR-NPs in vitro. The release of naringin
from TAT-RGD-NAR-NPs at pH7.4 compared with naringin solution.

Abbreviations: Blank NPs, Blank nanoparticles; NAR-NPs, naringin-loaded nanoparticles; TAT-RGD-NAR-NPs, TAT&RGD-modified naringin-loaded nanoparticles; TEM,
transmission electron microscopy.
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Table 3 Physicochemical Characterization of the Nanoparticles

Particle Size® (nm)

Zeta Potential® (mV)

Drug Loading® (%)

TAT-RGD-NAR-NPs
NAR-NPs
Blank NPs

160.70+2.05
155.57+0.64
126.07+0.42

—20.77+0.47
—31.17+0.65
—26.80+0.56

6.84+0.04
7.08+0.07
/

Note: *Mean +SD (n=3).
Abbreviations: Blank NPs, Blank nanoparticles; NAR-NPs, naringin-loaded nanoparticles; TAT-RGD-NAR-NPs, TAT&RGD-
modified naringin-loaded nanoparticles.

blank NPs, NAR-NPs, and TAT-RGD-NAR-NPs were —26.80+0.56mV, —31.17+0.65mV, and —20.77+£0.47mV, respec-
tively. The TEM showed that the nanoparticles were successfully prepared and were less than 200 nm in diameter. The
size and surface potential changes confirmed the successful conjugation of the peptides TAT and RGD to the
nanoparticles.

The size and encapsulation are important factors for drug-loaded NPs to function properly. We prepared a high
entrapment of NAR using a film hydration method. The DL% of the NAR-NPs (7.01%) and the TAT-RGD-NAR-NPs
(6.82%) were calculated by performing HPLC.

The in vitro release profile of naringin from TAT-RGD-NAR-NPs was investigated by the dialysis method
(Figure 2D). This study was performed in PBS buffer (pH7.4) to simulate physiological conditions. The release of
naringin from naringin group reached 52.9+3.8% at 12h, 81.4+7.0% at 36h, and the drug release from TAT-RGD-NAR-
NPs was 38.1£1.8% and 63.94+2.2%, respectively.

Cellular Uptake

The uptake of the NPs in the hDPSCs was initially evaluated by performing confocal laser scanning microscopy. The cells
were cultured with a fresh medium containing C6-loaded NPs, C6-loaded TAT-RGD-NPs, or free C6 (1pug/mL) for 5, 15, 30,
and 60 min. The blue and green fluorescence signals indicated that the cell nuclei were stained with DAPI and C6, respectively
(Figure 3A). The signals of C6 were more conspicuous after incubation with the C6-loaded TAT-RGD-NPs for 5 min
compared to the visibility of the cells incubated with free C6 or C6-loaded NPs, and the signal strength increased at 15, 30, and
60 min. Besides analyzing the CLSM data, the cellular uptake of the C6-loaded NPs, C6-loaded TAT-RGD-NPs, or free C6 in
the hDPSCs was quantitatively analyzed by performing flow cytometry. The results of FCM confirmed the results of confocal
laser scanning microscopy (Figure 3B and C).

Cellular Viability and Proliferation Assays

We performed the MTT assay to determine the effective concentration of naringin in hDPSCs (Figure 4A). The cells were
treated with different concentrations of naringin (blank, 10, 50, and 100pug/mL) and incubated for 1d, 3d, and 7d. CCK-8
assay was performed to determine the cytotoxicity of the NPs or the TAT-RGD-NPs copolymer and the proliferation effect of
NPs or the TAT-RGD-NPs in vitro (Figure 4B). The hDPSCs were treated and cultured in the blank, free naringin, TAT-RGD
-NPs, NAR-NPs, and TAT-RGD-NAR-NPs with 100pg/mL naringin or an equal concentration of the other carriers for 1d,
3d, 5d, 7d, and 9d. The results suggested that free naringin promoted cell proliferation to a certain extent. Although the CCK-
8 assay showed that naringin, TAT-RGD-NPs, NAR-NPs, and TAT-RGD-NAR-NPs could promote the proliferation of
hDPSCs to varying degrees and showed no detectable cytotoxicity, to further confirm the cytotoxicity of nanoparticles and
drugs under the microscope, the viability of the hDPSCs was examined by performing the live and dead staining assay after
7d of culture (Figure 4C). Viable cells exhibit green fluorescence, while dead cells exhibit red fluorescence.”® No dead cells
were observed, which further indicated that the drug and the materials were not cytotoxic.

Cell Apoptosis Assay
The rate of apoptosis was quantitatively analyzed by performing the apoptosis assay with annexin V-FITC/propidium
iodide double staining (Figure SA and B) after treatment with free naringin, TAT-RGD-NPs, NAR-NPs, and TAT-RGD-
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Figure 3 The cellular uptake studies of free C6, Cé-loaded NPs, or Cé-loaded TAT-RGD-NPs. (A) Observation of the hDPSCs by confocal microscopy after treatment with
free C6, Cé-loaded NPs, or Cé-loaded TAT-RGD-NPs for 5, 15, 30, and 60 min. (B and C) Quantitative analysis of the uptake of free C6, Cé-loaded NPs, or Cé-loaded TAT-
RGD-NPs by flow cytometry after incubation with free C6, Cé-loaded NPs, or Cé-loaded TAT-RGD-NPs for 5, 15, 30, and 60 min.

Abbreviations: C6, coumarin-6; Cé-loaded NPs, Cé-loaded nanoparticles; Cé-loaded TAT-RGD-NPs, Cé-loaded TAT and RGD-modified nanoparticles.

NAR-NPs for 7d. The hDPSCs cultured in a cell culture medium and TAT-RGD-NPs showed apoptotic rates of 4.05
+0.15 and 4.05+0.10 (Q2+Q3), respectively, with no statistical difference. The results suggested that the TAT-RGD-NPs
were not cytotoxic and could not induce apoptosis. The apoptotic rates of the cells in the free naringin, NAR-NPs, and
TAT-RGD-NAR-NPs groups were 3.24+0.15, 2.53+0.13, and 2.06+0.09, respectively.

Cell Cycle Analysis

The effect of naringin, TAT-RGD-NPs, NAR-NPs, and TAT-RGD-NAR-NPs on the cell cycle of the hDPSCs was
analyzed by FCM. The results showed that the cells in the S phase increased in the naringin, NAR-NPs, and TAT-RGD-
NAR-NPs groups, while G1 phase decreased after seven days of treatment (Figure 5C and D).

VEGF Expression

To determine the effect of naringin on VEGF expression in hDPSCs, the cells were cultured in the solution containing
naringin, TAT-RGD-NPs, NAR-NPs, and TAT-RGD-NAR-NPs (100pg/mL naringin) for 7d and were analyzed by real-
time PCR (Figure 6A). The expression of VEGF in the hDPSCs, which also increased with an increase in the uptake of
naringin by the cells.
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Figure 4 The cell viability and proliferation assays of hDPSCs treated with free naringin, TAT-RGD-NPs, NAR-NPs, and TAT-RGD-NAR-NPs. (A) MTT assay was performed
to analyze the effective concentration of naringin (blank, 10, 50, and 100ug/mL) in the hDPSCs incubated for 1d, 3d, and 7d. (B) The CCK-8 assay was performed to analyze
the cytotoxicity of the NPs in the hDPSCs cultured in the blank, free naringin, TAT-RGD-NPs, NAR-NPs, and TAT-RGD-NAR-NPs with 100pg/mL naringin or an equal
concentration of the other carriers for Id, 3d, 5d, 7d, and 9d. (C) The hDPSCs were examined by performing the live and dead staining assay by confocal microscopy after
treatment with naringin, TAT-RGD-NPs, NAR-NPs, and TAT-RGD-NAR-NPs for 7d.

Abbreviations: Blank NPs, Blank nanoparticles; NAR-NPs, naringin-loaded nanoparticles; TAT-RGD-NPs, TAT&RGD-modified nanoparticles; TAT-RGD-NAR-NPs,
TAT&RGD-modified naringin-loaded nanoparticles.
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Figure 5 The apoptosis and cell cycle analyses were performed by flow cytometry. (A and B) The apoptosis ratio of the hDPSCs, after treatment with free naringin, TAT-
RGD-NPs, NAR-NPs, and TAT-RGD-NAR-NPs (100ug/mL naringin) for 7d, was quantitatively analyzed by flow cytometry; blank represents the cells that were not
administered any treatment. (C and D) The effect on the cell cycle of hDPSCs treated with free naringin, TAT-RGD-NPs, NAR-NPs, and TAT-RGD-NAR-NPs (100pg/mL
naringin) for 7d was determined by flow cytometry. **P<0.01 vs Blank.

Abbreviations: Blank NPs, Blank nanoparticles; NAR-NPs, naringin-loaded nanoparticles; TAT-RGD-NPs, TAT&RGD-modified nanoparticles; TAT-RGD-NAR-NPs, TAT
&RGD-modified naringin-loaded nanoparticles.

Pro-Osteogenic Activity of the TAT-RGD-NAR-NPs

Alkaline Phosphatase (ALP) Staining

Assessing the ALP activity in hDPSCs cultured in a solution containing naringin, TAT-RGD-NPs, NAR-NPs, and TAT-
RGD-NAR-NPs (100pg/mL naringin) for 14d and 21d confirmed the differentiation of the hMSCs towards an osteogenic
lineage. First, the alkaline phosphatase calcium cobalt staining kit was used. The stained cells were observed and
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Figure 6 Analysis of VEGF expression and pro-osteogenic activity. (A) The expression of VEGF in the hDPSCs, cultured for 7d in a solution containing naringin, TAT-RGD-
NPs, NAR-NPs, and TAT-RGD-NAR-NPs (100pg/mL naringin), was determined by real-time PCR. (B and C) ALP staining and ALP activity in the hDPSCs cultured in
a solution for 14d and 21d containing naringin, TAT-RGD-NPs, NAR-NPs, and TAT-RGD-NAR-NPs (100ug/mL naringin). (D—H) The real-time PCR results of the expression
of the ALP, OCN, RUNX2, BSP, and OSX genes in the hDPSCs cultured in a solution containing naringin, TAT-RGD-NPs, NAR-NPs, and TAT-RGD-NAR-NPs (100pg/mL
naringin) for 14d and 21d. (I and J) Alizarin red S (ARS) staining. **P<0.01 vs Blank. *P<0.05 vs Blank.

Abbreviations: Blank NPs, Blank nanoparticles; NAR-NPs, naringin-loaded nanoparticles; TAT-RGD-NPs, TAT&RGD-modified nanoparticles; TAT-RGD-NAR-NPs,
TAT&RGD-modified naringin-loaded nanoparticles; ALP, Alkaline phosphatase.

photographed by an inverted microscope (Figure 6B) and detected by a microplate reader at 450nm (Figure 6C). The
NAR-NPs and TAT-RGD-NAR-NPs groups showed a significantly higher level of ALP expression compared to the ALP
expression in the other groups on day 14.

Expression of the ALP, OCN, RUNX2, BSP, and OSX Genes

To determine the effect of osteoblastic differentiation on the nanoparticles, we evaluated the expression of the ALP,
OCN, RUNX2, BSP, and OSX genes in hDPSCs by performing real-time PCR. The results are shown in (Figure 6D—H).
The gene expression in the TAT-RGD-NAR-NPs group was significantly higher than that in the other groups on day 14
and 21, which indicated that an increase in the intracellular uptake of naringin through the NPs effectively promoted the
expression of genes related to osteogenesis.

Mineralization
We used ARS staining and calcium deposit quantification to evaluate the mineralization effect in hDPSCs caused by
naringin, TAT-RGD-NPs, NAR-NPs, and TAT-RGD-NAR-NPs. The cells were cultured in different groups of treatment
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Figure 7 The metabolomic analysis. (A) Cluster diagram. The abscissa represents the number of samples and the ordinate represents the M/Z of each metabolite. (B) Signal
path analysis diagram. Each point represents a pathway, the X-axis represents the important value of the compound in the pathway, and the Y-axis represents the negative
logarithm of the p-value with the base of 10. Points (compounds) that are closer to the upper right corner are enriched more significantly and play a stronger role in the
pathway. (C) Comparative analysis of PLA2 and its isozymes.

for 14d and 21d. A darker color of the ARS stain suggests more mineralized nodules and indicates a higher degree of
mineralization of the hDPSCs (Figure 61 and J). In the TAT-RGD-NAR-NPs group, many mineralized nodules were
found after 21d of culture.

Metabolites and the Associated Results

The KEGG database was used for pathway analysis of differential compounds, and the significance of the enrichment of
differential compounds in each pathway entry was calculated by conducting statistical tests (Figure 7A). The results
provided a p-value associated with the enrichment significance. A small p-value indicated that the differential compounds
were enriched in the pathway. The path analysis affected the results. Through the path analysis of different compounds,
we determined the path entries that enriched different compounds and also determined the pathways that the different
compounds of different samples might be related to. The p-value of glycerophospholipid metabolism was only 0.010002
(Table 4), which was the smallest p-value among all groups, indicating that the differential compounds were enriched in
the glycerophospholipid metabolism pathway. The impact of glycerophospholipid metabolism was 0.21631, which was
the highest value among all groups. The largest red dot close to the point at the upper right corner of the chart (Figure 7B)
represents the glycerophospholipid metabolism pathway. A more significant enrichment suggests a stronger role of the
compound in the pathway. A comparative analysis of PLA2 and its isozymes, such as PLA2G3, PLB1, PLA2G4A,
PLA2G10, PLA2G12A, PLA2G1B, PLA2G6, and PLA2GA4C is shown in (Figure 7C).

Table 4 Differential Metabolite Pathway Analysis

Kegg Total Hits Raw p Impact
Glycerophospholipid metabolism 36 3 0.010002 0.21631
Sphingolipid metabolism 21 2 0.028688 0.03854
Linoleic acid metabolism 5 | 0.062952 0
Vitamin B6 metabolism 9 | 0.11058 0
Alpha-Linolenic acid metabolism 13 | 0.15591 0
Glycosylphosphatidylinositol (GPl)-anchor biosynthesis 14 | 0.16689 0.00399
Arachidonic acid metabolism 36 | 0.37683 0
Pyrimidine metabolism 39 | 0.40122 0
Primary bile acid biosynthesis 46 | 0.45464 0.00805
Drug metabolism-cytochrome P450 55 | 0.5167 0
Purine metabolism 65 | 0.57777 0.06417

Notes: “Total” denotes the total number of compounds in the pathway; “Hits” denotes the matched number from the user uploaded
data; “Raw p” denotes the original p-value obtained from the enrichment analysis; “Impact” denotes the pathway impact value obtained
from the pathway topology analysis.
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Discussion

NAR-PC was synthesized to improve drug entrapment efficiency and to increase the stability of the NAR-NPs. The in vitro
drug release study suggested the NPs provide a more sustained drug release in comparison with the free drug. During the
cellular uptake of NAR-NPs and TAT-RGD-NAR-NPs in the hDPSCs, NAR in the NPs was replaced by the fluorescent probe
C6 to prepare C6-loaded NPs and C6-loaded TAT-RGD-NPs by the same method as that followed to synthesize the control
particles. The results suggested that the cellular uptake of TAT-RGD-NPs was more efficient than that of the free drug or the
NPs. The results confirmed that the TAT-modified nanoparticles were taken up by the cells more effectively. Thus, NAR could
be delivered to the cells by the NPs or the TAT-RGD-NPs. The intracellular efficiency of the TAT-RGD-NPs and NPs were
considerably higher than that of free C6. The mean fluorescence intensity of the TAT-RGD-NPs reached a high level, while the
fluorescence intensity of the free C6 group was very low. The fluorescence intensity increased by 7.8-fold and 6.0-fold in the
TAT-RGD-NPs and NPs groups, respectively, after 60 min of incubation. The difference between the TAT-RGD-NPs and NPs
groups was statistically significant. These results highlighted the internalization capacity of the TAT-RGD-NPs and NPs in the
hDPSCs, thus indicating that the intracellular delivery of bioactive molecules through these carriers is promising.

Naringin is relatively nontoxic in various cell lines when administered in the range of 1-200pg/mL.*° As different cells
can safely take up different concentrations of naringin, evaluating the effect of naringin on the viability of hDPSCs is
important and a prerequisite for conducting studies on osteogenesis induction. MTT assay showed that naringin was not
cytotoxic at any concentration. Moreover, it promoted cell proliferation after seven days. The group to which 100pg/mL
naringin was administered had the best cell proliferation response. Therefore, 100pg/mL of naringin was used in this study.
Naringin can significantly enhance cell proliferation of osteoprogenitor cells, as determined previously by the MTT and the
cell CCK-8 assays.’®' CCK-8 assay showed that the TAT-RGD-NPs also promoted cell proliferation; the RGD peptide
could promote cell proliferation, while the nanoparticles could promote cellular uptake and facilitate the RGD peptide to
function more efficiently. The polymer materials used for preparing nanoparticles were not cytotoxic. The effect of the RGD
peptide on cell proliferation was also evident,*® considering that the TAT-RGD-NPs were more effective than the NAR-NPs
on cell proliferation. The TAT-RGD-NPs showed the strongest effect on cell proliferation, especially after seven days of
culture. While the results of the cell apoptosis assay indicated that the TAT and RGD peptides had no significant effect on
the apoptosis of the hDPSCs, but naringin decreased the apoptosis of the hDPSCs, which was due to a higher cellular uptake
of naringin associated with the nanoparticles and the TAT transmembrane peptide-modified nanoparticles.

The effect of naringin, TAT-RGD-NPs, NAR-NPs, and TAT-RGD-NAR-NPs on the cell cycle study of the hDPSCs
was analyzed by FCM. The results showed that the cells in the S phase increased in the naringin, NAR-NPs, and TAT-
RGD-NAR-NPs groups, which indicated that naringin could increase the proliferative potential. Cytometry can be
applied in the field of cell necro biology to quantify apoptotic cells and determine the mechanisms associated with the
predisposition of cells to apoptosis and the mechanism behind cell death.®> The DNA content is a marker of cellular
maturity in the cell cycle, where cells in the Go/G; phase have 1 unit of DNA, cells in the S phase duplicate DNA and
increase the DNA content as the phase progresses, and upon entering the G, phase and later M phase, the DNA content is
twice (2 units) that of the Go/G; phase. An increase in the frequency of cells in the S and G2/M phases indicates an
increase in the proliferative potential.*®

We found that treatment with naringin improved the expression of VEGF in the hDPSCs, which also increased with
an increase in the uptake of naringin by the cells. Some studies, however, have shown that flavonoid treatment can inhibit
the expression of VEGF in vitro, indicating that naringin is an effective inhibitor of cancer cell proliferation and
providing evidence for the anticancer properties of naringin.***> Several studies have found that naringin can effectively
improve the expression of VEGF.*®*” The reasons for these differences might be that tumor cells are abnormal, and
hence, the reaction mechanism of naringin in tumor cells might be different from that in normal cells. These differences
need to be studied further, and the molecular mechanism of action of naringin in cells needs to be studied urgently.

This is one of the few studies to determine the osteogenic potential and the molecular mechanism of action of
naringin in hDPSCs. The hDPSCs are extracted from the human dental pulp and are valuable sources of cells for
regenerative therapy. Naringin promotes the osteogenic differentiation of hDPSCs, but the mechanism is not clear.
Osteogenic differentiation of the hDPSCs in vitro could be divided into three stages. In the first stage (days 1-4), the cells
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proliferated, and the number of cells peaked.*® Then, in the second stage (days 5—14), early cell differentiation occurred,
characterized by transcription and protein expression, for example, of ALP>® High expression of osteocalcin followed by
calcium and phosphate deposition was observed in the last stage (days 14-28).>® Bone formation is highly regulated and
involves the differentiation of mesenchymal progenitor cells into preosteoblasts, then into the osteoblast lineage, and
finally, into osteocytes.® Osteoblast differentiation is regulated by different transcription factors and signaling proteins,
including the Indian hedgehog, Runx2, OSX, and the Wnt signaling pathway.*'

Alkaline phosphatase (ALP) is a primary phenotypic indicator secreted by osteoblasts. ALP is upregulated during
early osteogenesis. In the ALP Staining results, the ALP activity of TAT-RGD-NAR-NPs was lower than that of NAR-
NPs on day 21. This was probably because the hDPSCs absorbed more naringin from the TAT-modified nanoparticles,
which induced the cells to differentiate into osteoblasts earlier. Since ALP generally appears in the early stages of
osteogenesis, and the TAT-RGD-NAR-NPs group showed osteogenic differentiation earlier, ALP decreased earlier. The
ALP value gradually increased and appeared later in the other groups than TAT-RGD-NAR-NPs group at the beginning
of osteogenic differentiation.

To estimate the progression of osteogenic differentiation by measuring transcriptional activity, we selected the ALP,
OCN, RUNX2, BSP, and OSX genes, and ALP was monitored. The osteogenic differentiation of stem cells can be
detected and quantified in several ways. Researchers have performed quantitative real-time PCR and microarray analysis
in many studies to measure osteogenesis.*> However, due to post-translational modifications and many other factors, the
activity and function of synthetic proteins may not accurately reflect the measured gene expression level. The enhanced
expression of ALP and extracellular matrix mineralization could precisely indicate the occurrence of osteogenic
differentiation. Alizarin Red S (ARS) staining is widely used to evaluate calcium-rich deposits in cells in vitro.*?
Thus, mineralization can be assessed by ARS staining as ARS chelates with calcium cations.

ALP, OCN, and Runx2 are markers of osteoblast maturation, differentiation, bone matrix formation, and mineraliza-
tion at different stages.** *® As an early marker of calcification, the expression and activity of ALP increase considerably
in the initial stages of mineralization, which is closely associated with osteoblast activity and osteogenic specificity.*’
OCN is a non-collagenous protein found in the extracellular matrix produced by osteoblasts and is a late osteoblast
differentiation marker.”® Runx2 is an osteoblast-specific transcription factor essential for early osteoblastic
differentiation.** Runx2 is required for the differentiation of mesenchymal cells into preosteoblasts.*’ OSX is an
osteoblast-specific transcription factor required for bone formation and osteoblast differentiation. It is a downstream
gene of Runx2 and is required for the differentiation of preosteoblasts into mature osteoblasts and is expressed in all
osteoblasts.”’® Mature osteoblasts strongly express osteoblast marker genes required later for producing certain proteins,
such as osteocalcin and BSP. BSP is a sulfated and phosphorylated glycoprotein that is expressed almost exclusively in
mineralized connective tissues.’’ BSP is a member of the small integrin-binding ligand, N-linked glycoprotein
(SIBLING) gene family, whose members play multiple and distinct roles in the development, turnover, and mineraliza-
tion of bone and dentin.’' Expression of BSP is associated with the differentiation of osteoblasts and the onset of
mineralization. BSP is selectively expressed in differentiated osteoblasts and plays a role in the initial mineralization of
bones.>

The expression of ALP, which is an early marker of calcification, in the TAT-RGD-NAR-NPs group was significantly
higher than that in the blank group on day 14 and was 10 times higher than the ALP expression in the blank group on day
21. However, the expression of Runx2, another essential factor for early osteoblastic differentiation, was similar between
the groups on day 14 but showed significant differences on day 21. Runx2 did not change significantly on days 14 and 21
in the blank group and the TAT-RGD-NPs group but changed significantly in the three groups treated with naringin. Next,
we investigated the reasons for this difference to determine the role of naringin. OCN is a late osteoblast differentiation
marker, and the naringin-treated groups did not show any significant difference in OCN expression on day 14, but
showed differences on day 21 compared to that in the blank and the TAT-RGD-NPs groups. The gene expression of OSX
and BSP showed a similar trend in all the groups on days 14 and 21. Hence, OSX could stimulate BSP promoter activity,
and the promoter of BSP was responsible for OSX activation.’> ChIP assays demonstrated the association of endogenous
OSX with native BSP promoters in primary osteoblasts.’* Our observations confirmed the relationship between OSX and
BSP and the reason behind a similar expression trend.
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The results of the metabolomics analysis, the characteristics of the glycerophospholipid metabolism pathway, and the
effect of LPA suggested that naringin affects the osteogenic differentiation of the hDPSCs by affecting the glyceropho-
spholipid metabolism pathway and the amount of LPA. In the glycerophospholipid metabolism pathway, the phospho-
lipases catalyze the conversion of glycerophospholipid (PL) to phosphatidic acid (PA) and lysophosphatidic acid
(LPA).>® LPA is a potent bioactive phospholipid present at low levels in the plasma (~100nM).>* It is a key extracellular
signal molecule that can regulate various cellular processes, such as proliferation, differentiation, apoptosis, chemotaxis,
etc. LPA participates in several pathophysiological processes and plays an important role in the development of the
nervous system, angiogenesis, inflammation, wound healing, and cancer.’> The actions of osteoclasts (bone-resorbing
cells) and osteoblasts (bone-forming cells) are vital for skeletal development and remodeling.>® Studies have shown that
besides having profound effects on skeletal development, LPA participates in the coordination of osteoblast and
osteoclast activity.’’ Briefly, LPA induces osteoblastic cells to synthesize cytokines that regulate osteoclast behavior.’®
Osteoblasts are a source of LPA in the bone and regulate osteoclast functions and contribute to the pathogenesis of bone
diseases. LPA acts as a mediator linking osteoblasts to osteoclasts in healthy and disease states.”” LPA can significantly
upregulate the expression of alkaline phosphatase (ALP) in BMSCs through the LPA1 receptor and intracellular calcium
mobilization.”” ALP is an important marker of the early differentiation of osteoblasts. Researchers confirmed that LPA
can directly act on BMSCs and promote their differentiation into osteoblasts.’’

To determine the mechanism behind the effect of naringin on glycerophospholipid metabolism and LPA, we analyzed
the content of various substances, molecules, and metabolites in cells in the NAR-NPs group, with the Blank-NPs group
as the control. The conversion of phosphatidic acid (PA) to LPA is catalyzed by phospholipase. Phospholipase A2
(PLA2) plays an important role in many cellular reactions, including phospholipid digestion and metabolism, host
defense, and signal transduction.’® Recent advances in molecular biology and cell biology have enhanced the under-
standing of the molecular properties, possible functions, and the regulation of various PLA2 isozymes.”® Mammalian
tissues and cells usually contain several enzymes, and each enzyme is independently regulated and plays different
functions.> The results showed that the PLA2G3 and PLA2GIB, known as PLA2 isozymes, levels were significantly
higher in the NAR-NPs group.

Naringin modulates signaling through numerous molecular pathways critical to cellular differentiation.®
Administration of naringin increases activation of the Wnt/B-catenin and expression of bone morphogenetic proteins
(BMPs), thereby promoting osteoblastic proliferation and differentiation from stem cell precursors for bone
formation.®'*> T-cell factor/lymphoid enhancer factor (TCF/LEF) transcription factors are the major endpoint mediators
of Wnt signaling throughout metazoans.®> When Wnt signal is absent, TCF/LEFs can inhibit the expression of target
genes, while the Wnt signal is present, they can recruit B-Catenin to activate the target gene.®* TCF-4E of TCFs family is
PLA2G3 transcription factor. Therefore, we speculate that naringin can promote the osteogenic differentiation of
hDPSCs mainly by regulating the expression of PLA2G3 through Wnt/TCF-4E signal pathway, thus improving the
expression and functional regulation of PLA2, and then regulating the expression of BMP2, so as to promote the
osteogenic differentiation of stem cells. This requires further verification.

Conclusion

In this study, TAT-RGD-NAR-NPs were successfully prepared and evaluated for their potency on the osteogenic
differentiation of hDPSCs. The results indicated that drug delivery of TAT-RGD-NAR-NPs into hDPSCs was more
efficient without obvious cytotoxicity. Also, TAT-RGD-NAR-NPs had a more significant effect on cell proliferation and
osteogenic differentiation promotion. It is more worth mentioning that in metabolomic analysis naringin promoted the
production of PLA2G3 and PLA2G1B in hDPSCs, and then enhanced the conversion of PA to LPA. An increase in the
biosynthesis of LPA promoted the osteogenic differentiation of DPSCs. Future study will focus on mechanism of

naringin on osteogenic differentiation.
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