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Abstract: Antioxidant vanillin (4-hydroxy-3-methoxybenzaldehyde) is used as a flavoring in foods,
beverages, and pharmaceuticals. Vanillin possesses various biological effects, such as antioxidant,
anti-inflammatory, antibacterial, and anticancer properties. This study aimed to investigate the
biological activities of vanillin purified from Adenophora triphylla var. japonica Hara on bone-forming
processes. Vanillin treatment induced mineralization as a marker for mature osteoblasts, after
stimulating alkaline phosphatase (ALP) staining and activity. The bone-forming processes of vanillin
are mainly mediated by the upregulation of the bone morphogenetic protein 2 (BMP2), phospho-
Smad1/5/8, and runt-related transcription factor 2 (RUNX2) pathway during the differentiation
of osteogenic cells. Moreover, vanillin promoted osteoblast-mediated bone-forming phenotypes by
inducing migration and F-actin polymerization. Furthermore, we validated that vanillin-mediated
bone-forming processes were attenuated by noggin and DKKI. Finally, we demonstrated that
vanillin-mediated antioxidant effects prevent the death of osteoblasts during bone-forming processes.
Overall, vanillin has bone-forming properties through the BMP2-mediated biological mechanism,
indicating it as a bone-protective compound for bone health and bone diseases such as periodontitis
and osteoporosis.
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1. Introduction

Osteoblasts are most active during embryonic bone development, but osteoblasts
are also activated when a defect needs to be repaired or the bone matrix is regenerated
throughout life. Osteoblasts are generated from osteogenic cells such as mesenchymal
stem cells, and the osteoblast-mediated bone-forming function is important for skeletal
health. Once the osteoblast master regulator, runt-related transcription factor 2 (RUNX2), is
activated, the osteogenic cells exit the cell cycle and begin to differentiate into osteoblasts,
and their maturation forms the bone matrix mineralization with proteins such as alkaline
phosphatase (ALP), collagen, and osteocalcin. The RUNX2 upstream osteogenic factors
involving bone morphogenetic protein 2 (BMP2) and Wnt3a are the most researched. The
osteogenic factors stimulate osteoblast differentiation, maturation, and bone formation [1].
However, abnormal osteoblast regulation and death can cause insufficient or excessive
bone formation, which can lead to the onset of serious bone diseases such as periodontitis
and osteoporosis [1-3]. The identification of new molecular targets in the mechanisms
regulating the patho/physiological osteogenic processes could provide a valuable thera-
peutic understanding to prevent or treat bone diseases. Clinically, this study using potential
compounds known to be relatively safe and suitable for long-term treatment is also critical
for the health of the skeletal system to prevent bone diseases such as osteoporosis.
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With the growing interest in health, plants are employed as natural resources, in-
cluding functional foods, cosmetics, pharmaceuticals, and raw materials for high-value
industries [4,5]. Adenophora triphylla var. japonica Hara (also known as Shasham or Jan-dae
in Korea) in the family Campanulaceae is an erect perennial herb that grows up to 100 cm
and grows well in warm, sunny locations or slightly shaded crevices [4]. A. triphylla is
commonly utilized as an oriental medicinal herb in Korea, China, and Japan for ailments
such as bronchitis, cancer, cough, inflammation, and obesity [4,6]. Originally, it was noted
as a remedy for lung fever, old coughs, and somnolence in China in 1578, and in Korea in
1613 as a herbal medicine that energizes the lungs [7]. It contains bioactive compounds such
as alkaloids, inulin, piperidine, lupenone, saponin, triphyllol, and triterpenoids, which
exhibit antibacterial, anticancer, antidiabetic, anti-inflammatory, antioxidant, detoxification,
mucus-producing, hepatoprotective, and neuroprotective effects [4,7-14]. In cell differentia-
tion effects, a polyphenolic compound lupenone from A. triphylla was reported to suppress
adipocyte differentiation through the downregulation of Peroxisome proliferator-activated
receptor vy and CCAAT-enhancer-binding protein « in 3T3-L1 cells [13]. However, the
biological effects of A. triphylla extracts on osteoblast differentiation were not investigated.

A phenolic compound known as vanillin (4-hydroxy-3-methoxybenzaldehyde) is
commonly used in food and drink, including milk powder, candies, and biscuits [15]. Due
to its stability, low toxicity, pleasant aroma, and antibacterial function, vanillin has also
been frequently utilized as an ingredient and flavoring in foods, drinks, and cosmetics [16].
Vanillin is safe and accessible to all; therefore, the health benefits of vanillin for humans are
worthy of attention [17]. It was suggested that the beneficial effects of vanillin might be more
advantageous for daily health care, and these vanillin-rich diets can decrease free radicals
that cause tumorigenesis [18,19]. In the skeletal system, it was reported that vanillin has an
inhibitory effect on osteoclast differentiation through mitochondrial-dependent apoptosis
in RAW264.7 cells [20].

To date, the biological effects of vanillin on osteoblasts have not been investigated.
Therefore, it is worth exploring the possible function and biological mechanism of vanillin
on osteoblast differentiation, maturation, and survival for the health of the skeletal system.
This study aimed to investigate the bone-protective roles of antioxidant vanillin isolated
(>99.99% purity) from A. triphylla in the biological mechanisms regulating the osteogenic
processes, using calvaria-derived osteogenic MC3T3-E1 cells as an in vitro cell system.

2. Materials and Methods
2.1. Plant Material and Isolation of Vanillin from Adenophora triphylla var. japonica Hara

The Adenophora triphylla var. japonica Hara was purchased at the commercial herbal
medicine market. A voucher specimen (P392) from A. triphylla has been deposited in the
Natural Products Bank, National Institute for Korean Medicine Development (NIKOM,
Gyeongsan-si, Republic of Korea). 'H NMR and '*C NMR spectra were obtained using
a JEOL ECX-500 spectrometer (JEOL Ltd., Tokyo, Japan). High-performance liquid chro-
matography (HPLC) was performed on the Agilent 1260 series (Agilent Inc., Palo Alto,
CA, USA) with a quaternary pump, diode array detector (DAD), and evaporative light-
scattering detector (ELSD), together with a C18 column (YMC Pack Pro C18, 5 pm, 250 mm
x 4.6 mm) (YMC Co., Ltd., Kyoto, Japan). Column chromatography was conducted using
Silica gel 60 (70-230 mesh ASTM, Merck, Darmstadt, Germany), ODS-A (YMC Co., Ltd.,
Kyoto, Japan), and sephadex LH-20 (GE Healthcare, Chicago, IL, USA).

The A. triphylla var. japonica Hara (4.6 kg) was extracted over 2 days with MeOH at
room temperature. The crude extract (990.0 g) was suspended in distilled water (DW)
and then solvent-partitioned with n-butanol (BuOH). The BuOH soluble fractions (33.2 g)
were divided with normal-phase silica gel VLC using a step gradient mixture of CH,Cl,,
MeOH, and water (40:10:1 — 70:30:3 — 60:40:4, v/v) to yield 28 fractions. Fr. 19 (2.1 g) was
subjected to reverse-phase (ODS-A) column chromatography eluted with a gradient system
of MeOH-H,O (70:30 to 30:70, v/v) to obtain 3 fractions. Fr.19-2 (250.0 mg) was applied to
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sephadex LH-20 column chromatography with isocratic solvent condition (MeOH/H,0 =
70:30, v/v) to obtain an active single compound, vanillin (white crystalline, 80.0 mg).

2.2. Vanillin Stock Solution

Vanillin stock solution (1000 x) was dissolved in 100% dimethyl sulfoxide (DMSO)
(Sigma-Aldrich, St. Louis, MO, USA), and 0.1% DMSO was included in the working
solution to ensure no toxicity to cells. As the vehicle control, 0.1% DMSO was used.

2.3. Osteogenic Cells and Osteoblast Differentiation

Osteogenic MC3T3E-1 cells (#CRL-2593) were obtained from the American Type
Culture Collection (Manassas, VA, USA). The cells were cultured in an atmosphere of 37 °C,
5% CO,, and 95% air with 10% Gibco FBS (Thermo Fisher Scientific, Waltham, MA, USA)
and 1x Gibco antibiotic—antimycotic (Thermo Fisher Scientific) in x-minimum essential
medium («-MEM) without L-ascorbic acid (L-AA) (WELGEME, Inc., Seoul, Republic
of Korea).

Osteoblast differentiation was induced using osteogenic supplement medium (OS) con-
taining 50 ug/mL L-AA (Sigma-Aldrich) and 10 mM (-glycerophosphate (3-GP) (Sigma-
Aldrich), with or without vanillin. During osteoblast differentiation, the OS was changed
at 2 days.

2.4. Cell Toxicity Analysis

A 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma-
Aldrich) was used to analyze cell toxicity in the osteogenic cells, as previously described [3].
Briefly, vanillin was incubated with osteogenic cells for 24 h, and then the cells were
treated with 20 pL of 1000x MTT solution (5 mg/mL in PBS) for 4 h; the crystalline
dark purple product, formazan, was solubilized in 100% DMSO (Sigma-Aldrich), and the
absorbance was measured at a wavelength of 540 nm using a Multiskan GO Microplate
Spectrophotometer (Thermo Fisher Scientific).

2.5. Early Osteoblast Differentiation Analysis

Early osteoblast differentiation was performed as previously described [21]. Briefly,
the osteoblast differentiation was induced in OS with vanillin, and alkaline phosphatase
(ALP) staining (Takara Bio Inc., Shiga, Japan) and activity (Biovision, Milpitas, CA, USA)
assays were measured after 7 days, in accordance with the manufacturer’s procedure. The
absorbance of ALP activity was measured at a wavelength of 405 nm using a Multiskan
GO Microplate Spectrophotometer (Thermo Fisher Scientific).

2.6. Late/Terminal Osteoblast Differentiation Analysis

An Alizarin red S (ARS) staining assay was used to analyze late osteoblast differen-
tiation as previously described [3]. Briefly, osteoblast differentiation was induced in OS
with vanillin for 14 days. Subsequently, the cells were stained for 15 min using a 2% ARS
solution (pH 4.2) from Sigma-Aldrich. The staining level was measured at a wavelength of
590 nm using a Multiskan GO Microplate Spectrophotometer (Thermo Fisher Scientific).

2.7. Western Blot Analysis

Western blot analysis was performed as previously described [3]. Briefly, cells were
treated in OS with vanillin for 3 days and then lysed using a lysis buffer. The total
protein concentration was determined using Bradford reagent (Bio-Rad, Hercules, CA,
USA), and the equal proteins were transferred to polyvinylidene fluoride membranes
(Millipore, Bedford, MA, USA). The membranes were incubated with blocking solution
(5% skim milk in 1xTBS containing 0.05% Tween-20 (TBST)) at room temperature for
1 h and incubated with primary antibodies at 4 °C overnight. The membranes were
washed with 1xTBST and incubated with horseradish peroxidase—secondary antibodies
(1:10,000; Jackson ImmunoResearch, West Grove, PA, USA) at room temperature for 1 h.
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Protein signals were detected using the ProteinSimple detection system (ProteinSimple Inc.,
Santa Clara, CA, USA).

The following antibodies were used: AKT (1:1000, #4691, Cell Signaling Technology,
Beverly, MA, USA), p-AKT (1:1000, #4060, Cell Signaling Technology), 3-actin (1:1000, #sc-
47778, Santa Cruz Biotechnology, Santa Cruz, CA, USA), p-ERK1/2 (1:1000, #91015S, Cell
Signaling Technology), ERK1/2 (1:2000, #9102, Cell Signaling Technology), p-JNK (1:1000,
#9251, Cell Signaling Technology), JNK (1:1000, #9252, Cell Signaling Technology), p-p38
(1:1000, #9211, Cell Signaling Technology), p38 (1:1000, #9212, Cell Signaling Technology),
RUNX2 (1:1000, #12556, Cell Signaling Technology), BMP2 (1: 500, #CSB-PAO9419AORDb;
CUSABIO, Houston, TX, USA), p-GSK33 (1:1000, #9336, Cell Signaling Technology), GSK3{3
(1:1000, #12456, Cell Signaling Technology), p-Smad1/5/8 (1:2000, #13820, Cell Signaling
Technology), and Wnt3a (1:1000, #2721; Cell Signaling Technology).

2.8. Immunocytochemistry Analysis

Immunocytochemistry was performed as previously described [22]. Briefly, cells
were treated in OS with vanillin for 3 days. Subsequently, they were fixed using a 4%
formalin solution, permeabilized with a 0.1% Triton X-100 solution, and blocked with a
5% BSA blocking solution at room temperature. RUNX2 was immunostained using anti-
RUNX2 antibody (1:200; Cell Signaling Technology, Beverly, MA, USA) and Alexa-Fluor
488-conjugated secondary antibodies (1:400; Invitrogen, Carlsbad, CA, USA). Nuclei were
stained with PI solution (Sigma-Aldrich), and the slides (Thermo Fisher Scientific) were
mounted with Fluoromount Aqueous Mounting Medium (Sigma-Aldrich). Immunoflu-
orescence signals against RUNX2 and PI were captured using intravital multi-photon
microscope system (IMPM) microscopy in the Korea Basic Science Institute (KBSI, Daejeon,
Republic of Korea).

2.9. F-Actin Polymerization Analysis

A phalloidin and DRAQS5 staining assay was used to analyze F-actin polymerization.
Osteoblasts were fixed using a 4% formalin solution, permeabilized with a 0.1% Triton X-100
solution, and stained using phalloidin (Thermo Fisher Scientific) at room temperature for 30
min. Nuclei were stained with a DRAQS5 solution (Thermo Fisher Scientific), and the slides
(Thermo Fisher Scientific) were mounted using Fluoromount Aqueous Mounting Medium
(Sigma-Aldrich). Immunofluorescence signals against RUNX2 and PI were captured using
IMPM microscopy in the Korea Basic Science Institute (KBSI).

2.10. Cell Migration Analysis

The cell migration assay was analyzed using a Boyden chamber with membranes
coated with Matrigel solution (Corning Life Sciences, Tewksbury, MA, USA) as previously
described [22]. Briefly, a Nuclepore filter was coated with Matrigel. The Boyden chamber
was used for 4 h of incubation, before the cells were fixed using a 4% formalin solution and
then stained with a 0.5% crystal violet solution. The migrated osteoblasts were detected
using a light microscope.

2.11. ROS and Active Mitochondria Staining Analyses

ROS levels were detected using CellROX™ Green reagent (Invitrogen, Carlsbad,
CA, USA), and active mitochondria were detected using MitoTracker™ Red CMXRos
(Invitrogen). Osteoblasts were incubated in an atmosphere at 37 °C with 5% CO, and 95%
air, using either 5 uM CellROX™ Green reagent or 500 nM MitoTracker™ Red CMXRos
for 30 min. The cells were fixed using a 4% formalin solution, and the nuclei were stained
with a 1 mg/mL DAPI solution (Sigma-Aldrich). The slides (Thermo Fisher Scientific)
were mounted with Fluoromount Aqueous Mounting Medium (Sigma-Aldrich), and the
images were captured using an Olympus IX73 inverted microscope (Olympus Corporation,
Tokyo, Japan).
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2.12. Noggin and DKK1 Inhibitors

Cells were pretreated with a BMP2 inhibitor, 10 ug/mL noggin (PeproTech, Cranbury,
NJ, USA), or a Wnt3a inhibitor, 0.5 pug/mL DKK1 (PeproTech, NJ, USA) for 1 h, and then
were treated with OS with vanillin for 7 days and 14 days.

2.13. Statistical Analysis

The data were analyzed using the GraphPad Prism version 5 program (GraphPad
Software, Inc., San Diego, CA, USA). Data are presented as mean =+ standard deviation
(SD). Statistical significance (p < 0.05) was performed on the data using one-way analysis of
variance with Dunnett’s post hoc test.

3. Results
3.1. Extraction and Characterization of Vanillin from the Adenophora triphylla var. japonica Hara

Antioxidant vanillin was isolated from the MeOH extract of Adenophora triphylla var.
japonica Hara (4.6 kg) following a purification procedure (Figure 1A). The vanillin was
molecularly characterized using nuclear magnetic resonance (NMR) as follows: molecular
formula CgHgO3, 'H-NMR (400 MHz, CD3;0D) § 9.75 (1H, s -CHO), 7.43 (1H, dd, ] = 8.0,
1.8 Hz, H-6), 7.35 (1H, d, ] = 1.8 Hz, H-2), 6.94 (1H, d, ] = 8.0 Hz, H-5), 3.88 (1H, s, -OCH3)
(Figure 1B).; 13C-NMR (100 MHz, CD;0D) § 191.6 (C-1), 153.4 (C-3), 148.4 (C-2), 129.4
(C-1), 126.6 (C-5), 115.0 (C-4), 110.0 (C-2), 55.0 (C-3') (Figure 1C). The chemical structure and
high-performance liquid chromatography (HPLC) results (molecular formula: CgHgO3,
purity > 99.99%) are displayed in Figure 1D.

3.2. Vanillin Promotes Early and Late Osteoblast Differentiation without Cytotoxicity in
Osteogenic Cells

To explore the cell toxicity of the characterized vanillin, we treated osteogenic cells
with 0.1-50 uM vanillin and analyzed the subsequent cell viability using an MTT assay.
The results indicated that vanillin shows no evident cytotoxic effects on osteogenic cells
compared with the control (Figure 2A).

The alkaline phosphatase (ALP) enzyme level is a key marker in the early osteoblast
differentiation of osteogenic cells. Next, to determine the osteogenic effects of vanillin,
we monitored the staining and activity of ALP. Amounts of 1 and 10 uM of vanillin were
treated in osteogenic supplement medium (OS) for 7 days, and the osteogenic activities
were monitored using ALP staining and activity assays. The observation revealed that
vanillin-treated cells increased their ALP staining levels, compared with the cells incubated
with control and OS alone (Figure 2B). Consistently, our data showed that vanillin statisti-
cally stimulated ALP activity, compared with the cells incubated with control and OS alone
(Figure 2C). Subsequently, we placed 1 and 10 uM of vanillin in osteogenic cells for 14 days
and determined terminal osteoblast differentiation and maturation by monitoring bone
matrix mineralization, using ARS staining to evaluate calcium deposits. The observation
showed that vanillin statistically increased ARS staining levels compared with cells incu-
bated with control and OS alone (Figure 2D,E). Thus, these data indicated that vanillin
promotes osteogenic processes and induces osteoblast maturation.
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Figure 1. Purification procedure, characterization, and structure of vanillin isolated from Adenophora
triphylla var. japonica Hara. (A) Strategy for the isolation of vanillin. (B,C) 1*C NMR (100 MHz,
CD;0D) (B) and 'H NMR (400 MHz, CD30D) (C) spectra obtained using JEOL ECX-500 spectrometer.
(D) HPLC and chemical structure of vanillin (CgHgOj3, Purity: >99.99%).
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Figure 2. Effects of vanillin on cytotoxicity and osteoblast differentiation in osteogenic cells. (A) Cell
toxicity was determined in osteogenic cells using the MTT assay. (B—E) Cells were treated in osteogenic
supplement medium (OS) containing 50 g/ mL L-ascorbic acid and 10 mM (-glycerophosphate with
vanillin for 7 days (B,C) and 14 days (D,E). Osteoblast differentiation was analyzed by ALP staining
(B), ALP activity (C), and ARS staining (D). ARS stains were eluted, and the ARS staining level was
measured at 590 nm (E). Data are expressed as the mean £ SD. * p < 0.05, versus control. # p < 0.05,
versus OS. Data represent the results of three experiments.

3.3. Vanillin Enhances Cbfal (RUNX2) Expression via the BMP2-Samd1/5/8 Pathway in
Osteogenic Cells

Bone morphogenetic protein 2 (BMP2) is clinically used as an ectopic bone inducer in
multi-functional growth factors belonging to the transforming growth factor-beta superfam-
ily. BMP2 regulates the osteoblast differentiation of osteogenic cells through its intracellular
signaling proteins. To investigate the action of mechanisms on osteogenic-promoting effects
by vanillin in osteogenic cells, we examined the main osteogenic BMP2-Samd1/5/8 path-
way. Amounts of 1 and 10 uM of vanillin were treated in osteogenic supplement medium
(OS), and the main target molecules were detected using Western blot analysis. The data
showed that, compared with the cells incubated with control and OS alone, vanillin-treated
cells increased BMP2 expression and its downstream signaling protein, Smad1/5/8, phos-
phorylation, as well as the expression of a key target gene, Cbfal (RUNX2), which is a
master transcription factor for osteoblast differentiation (Figure 3A). To validate RUNX2
expression in the nucleus, we observed the cellular localization of RUNX2 using an im-
munofluorescence assay with DAPI (a nuclear marker). The fluorescence data demonstrated
that vanillin statistically increased nuclear RUNX2 expression, compared with the cells
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incubated with control (10 uM: p value = 0.0138) and OS alone (10 pM: p value = 0.0378)
(Figure 3B). Thus, these data suggest that the osteogenic-promoting effects of vanillin are
related to RUNX2 through the BMP2-Samd1/5/8 pathway.

00 BMP2  p-Smad1/5/8 RUNX2

0s: - + o+ +
Vanillin: 0 0 1 10 pM

RUNX2 ; RUNX2 RUNXZ

Vanlllln 0 1 10 pM
C
10
9
28
a7 * #
£ y
% 6 *’#
S5
»x 4
33 :
@ 2
1
0
0s: - + + +
Vanillin: 0 0 1 10 uM

Figure 3. Effects of vanillin on the activation of BMP2 signaling in osteoblasts. (A—C) Cells were
treated in OS with vanillin for 3 days. Western blot analysis was performed to investigate the
expression of BMP2, p-Smad1/5/8, RUNX2, and f3-actin (A). RUNX2 was immunostained with
rabbit anti-RUNX2 antibody, followed by Alex488-conjugated secondary antibody (green). And then,
the cells were stained with PI (red). Images shown in the upper and middle panels were observed
using multiphoton microscopy, and the images are merged in the lower bottom panels (B). The
relative intensity is shown as a bar graph (C). Scale bar: 50 um. Data are expressed as the mean =+ SD.
* p < 0.05, versus control. # p < 0.05, versus OS. Data represent the results of three experiments.

3.4. Vanillin Partially Enhances Wnt3 Signaling, Which Is Closely Associated with BMP2
Signaling in Osteogenic Cells

To further explore the potential molecules closely associated with BMP2 signaling,
we placed 1 and 10 uM of vanillin in osteogenic cells and detected the phosphorylation of
mitogen-activated protein kinases (MAPKs), the noncanonical pathway of BMP2 signaling,
using Western blot analysis. The results revealed that 1 and 10 uM vanillin stimulated JNK
phosphorylation compared with the cells incubated with control and OS alone, whereas
10 uM vanillin (but not 1 uM) stimulated ERK1/2 phosphorylation and p38 compared with
the cells incubated with control. (Figure 4A). To determine whether vanillin also influences
AKT and Wnt3a signaling, we detected AKT phosphorylation, Wnt3a expression, and
GSK3p phosphorylation. The results showed that 10 uM vanillin, but not 1 uM, stimulated
AKT and Wnt3a signaling compared with the cells incubated with control and OS alone
(Figure 4B,C). Thus, these data suggest that the osteogenic-promoting effects of vanillin
also involve Wnt3a signaling, which is associated with BMP2 signaling.
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Figure 4. Effect of vanillin on BMP2-related signaling in osteoblasts. (A-C) Cells were treated in OS
with vanillin for 3 days. Western blot analysis was performed to investigate the expression of ERK,
p-ERK, NK, p-JNK, p38, p-p38, and p3-actin (A); AKT, p-AKT, and p-actin (B); Wnt3a, GSK343, p-GSK3p3,
and B-actin. The relative change (%) is shown as a bar graph. Data are expressed as the mean & SD.
* p < 0.05, versus control. #p < 0.05, versus OS. Data represent the results of three experiments.

3.5. Vanillin Enhances F-Actin Polymerization and Migration, and Its Osteogenic Effects Are
Attenuated by Blocking BMP2 Signaling

Having established that vanillin increases RUNX2 expression via the osteogenic signal-
ing pathway, we investigated whether vanillin also influences morphological phenotypes
during osteoblast differentiation. Since BMP2 signaling induces F-actin polymerization,
which is increased during osteoblast differentiation and is involved in cell migration, we
observed cytoskeletal changes using rhodamine—phalloidin staining in an intravital mul-
tiphoton microscope (IMPM). The IMPM observation revealed that vanillin stimulated
F-actin polymerization on Matrigel-coated culture plates during osteoblast differentiation
(Figure 5A). Subsequently, we monitored the effect on cell migration of vanillin using
Boyden chamber assays. The observation revealed that vanillin stimulated migration
across the Matrigel-coated membranes (Figure 5B). Finally, we examined the functional
consequence of the vanillin-mediated BMP2 and its related signaling on osteoblast differen-
tiation; vanillin was treated in the presence or absence of the BMP2 antagonist, noggin, and
Wnt/ 3-catenin-signaling inhibitor Dickkopf-1 (DKK1). Noggin and DKK1 pretreatment
statistically attenuated vanillin-stimulated ALP activity and the ARS level during early
and late differentiation (Figure 5C,D). Thus, these data suggest that vanillin stimulates
osteogenic processes through BMP2 signaling in osteogenic cells.
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Figure 5. Effects of vanillin on F-actin polymerization, cell migration, and the inhibition of BMP signaling
in vanillin-stimulated osteoblast differentiation. (A) F-actin polymerization was stained with Fluorescein
phalloidin (green), and the cells were stained with DRAQ5 (red). Images shown in the upper and middle
panels were observed using multiphoton microscopy, and the images are merged in the lower bottom
panels. Scale bar: 50 um. (B) Cell migration was detected using a Matrigel-coated membrane in a
Boyden chamber. (C,D) Vanillin was treated with noggin (10 pg/mL) or DKK1 (0.5 pg/mL) with OS
for 7 days (C) and 14 days (D). Osteoblast differentiation was analyzed by ALP activity (C) and ARS
staining (D). Data are expressed as the mean + SD. * p < 0.05, versus control. # p < 0.05, versus OS. &
p < 0.05, versus vanillin. Data represent the results of three experiments.

3.6. Vanillin Enhances Cell Survival through Antioxidant Effects in Osteoblast Differentiation

Reactive oxygen species (ROS) are a main source of osteoblast cell death. We finally
investigated whether the antioxidant activity of vanillin influences osteoblast cell death.
We treated 0-1000 uM H,O, and analyzed the subsequent cell viability using an MTT
assay. The results indicated that H,O, induces cell death, starting at a concentration of
200 uM (50 uM: p value = 0.6360; 100 uM: p value = 0.8490; 200 uM: p value = 0.0008;
400 uM: p value = 0.0006; 800 uM: p value = 0.0003; 1000 uM: p value < 0.0001) (Figure 6A).
Vanillin was treated in the presence or absence of 200 uM or 400 uM H;O; during osteoblast
differentiation, and the MTT results revealed that vanillin prevented cell death caused by
oxidative stress (Figure 6B). To further validate the effect of vanillin on oxidative stress,
CellROX™ Green reagent was used to measure the ROS level, and MitoTracker™ Red
CMXRos was used to measure active mitochondria. Vanillin reduced the ROS accumulation
and increased the mitochondria stain level (Figure 6C,D). Thus, these data suggest that
vanillin prevents osteoblast damage and cell death caused by oxidative stress.
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Figure 6. Antioxidant effects on oxidative stress of vanillin in osteoblasts. (A) Cells were treated
in OS with indicated concentration of H,O,, and cell viability was determined using MTT assay.
(B) Oxidative stress-induced cells in OS were treated with vanillin, and cell viability was determined
using MTT assay. (C,D) ROS level (C) and active mitochondria (D) in oxidative stress-induced
cells were detected using CellROX™ Green reagent and MitoTracker™ Red CMXRos, respectively.
Scale bar: 50 um. (E) Proposed model underlying antioxidant vanillin as protective compound in
osteoblast differentiation and survival. Data are expressed as the mean + SD. * p < 0.05, versus control.
#p < 0.05, versus vanillin. Data represent the results of three experiments.

4. Discussion

Osteoblast differentiation and survival is an essential process of bone formation. By
stimulating osteoblast differentiation, anabolic medicines derived from natural compounds
can be utilized to treat and prevent bone diseases [23-26]. Recently, we reported the benefi-
cial effects of various natural compounds isolated from plants on osteogenic cells [3,26-31].
For osteoblast differentiation in in vitro research, native bone marrow-derived osteoblasts
and other cell sources were studied [32,33]. However, the osteogenic MC3T3-E1 cells
derived from calvaria are commonly used for osteoblast differentiation in in vitro research
due to their relatively pure population. In the present study, using calvaria-derived os-
teogenic MC3T3-EL1 cells as an in vitro cell system, we demonstrated for the first time that
antioxidant vanillin purified from Adenophora triphylla var. japonica showed osteogenic-
promoting effects to induce osteoblast differentiation and survival, suggesting vanillin as a
bone-protective compound.

Bone formation and repair are complex processes including osteoblast differentiation,
matrix mineralization, and osteoblast survival [34-38]. Osteoblast differentiation causes
bone-forming activities and matrix mineralization, whereas impaired osteoblast regulation
and cell death causes bone diseases such as osteoporosis, periodontitis, and osteonecro-
sis [39—42]. In the present study, we first demonstrated the cytotoxicity of vanillin in
osteogenic cells using an MTT assay. We found that vanillin did not induce cytotoxicity
in the MTT assay. Under this condition, we demonstrated that vanillin stimulates ALP
enzymatic activity. ALP activity is a key marker for early osteoblast differentiation, and the
ARS staining level is a phenotypic marker for final differentiation, osteoblast maturation,
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and calcium deposition in matrix mineralization [31,43]. Subsequently, crystals of calcium
and phosphate, known as hydroxyapatite, are embedded on the extracellular matrix for
bone tissue mineralization [44,45]. Our results also validated that vanillin increases the
mineralized matrix formation through terminal osteoblast differentiation. These data sug-
gest that early and terminal osteoblast differentiation and mineralization are promoted
by vanillin.

BMP?2 signaling is triggered by interactions with its type I receptor (BMPRI) and type
II receptor (BMPRII). In the present study, our data demonstrated that vanillin enhanced
BMP2 expression, Smad1/5/8 phosphorylation, MAPK phosphorylation, and RUNX2
expression. BMP2 signaling is also associated with Wnt3a signaling and consequently con-
trols RUNX2 expression [46—49]. Upon activation, its receptors induce the phosphorylation
of the downstream proteins, Smad 1/5/8 and MAPK. The activated Smad 1/5/8 complexes
with Smad4; the complex is translocated to the nucleus; and the complex and MAPKs
finally regulate RUNX2 activity and expression [50-53]. In addition, BMP2 and Wnt3a
activates AKT serine-threonine kinase activity, and AKT signaling also enhances osteoblast
differentiation [54-56]. We also found that vanillin increases Wnt3a and AKT signaling.
We also demonstrated that vanillin-mediated ALP activity and matrix mineralization are
attenuated by pharmacological inhibition, using BMP2 and Wnt3a antagonists. These
findings suggest that vanillin stimulates BMP2 signaling, and its associated pathways are
required for osteoblast differentiation and maturation in osteogenic cells

Actin is one of the three major components of the cytoskeleton, which is distributed
within cells in the form of G-actin or F-actin [57,58]. Our present study showed that
vanillin increases F-actin polymerization during osteoblast differentiation. F-actin is a
linear polymer microfilament composed of G-actin monomers. F-actin is known to be
involved in cell division, cell migration, and cell invasion, and it was recently shown that F-
actin regulates cell fate and cell differentiation [59-63]. F-actin depolymerization increases
adipogenic differentiation, while F-actin polymerization enhances osteoblast differentiation
and bone formation [58,60,63-65]. Osteoblast migration has a functional role in bone
development, bone formation, and bone fracture repair [41,66-71]. In the present study, we
demonstrated that vanillin accelerates the migration of osteoblasts into the extracellular
matrix. BMP2 signaling induces actin cytoskeleton reorganization and is also involved in
the migration of cells such as bone marrow mesenchymal progenitors, osteoblasts, and
endothelial cells [66,67,72-74]. Based on our findings, it is consistent with the vanillin-
stimulated early and terminal osteoblast differentiation through BMP2 signaling. These
findings suggest that vanillin has an anabolic effect, to accelerate osteogenic processes
through F-actin polymerization and migration in osteogenic cells.

As a powerful antioxidant, vanillin shows cellular protective effects against oxidative
stress [18,75-80]. Vanillin has a stronger antioxidant activity than ascorbic acid, and the
authors suggested that the antioxidant activity of vanillin is beneficial for daily health
care [18]. In the present study, we demonstrated that vanillin prevents ROS-induced cell
death. Vanillin suppresses hepatic lipid peroxidation and inhibits the carbon tetrachloride-
mediated depletion of the antioxidant enzyme and glutathione level in the liver [79].
Similar with the previous literature, our present results demonstrated that vanillin prevents
oxidative stress and mitochondria damage in osteoblasts. Thus, our findings suggest
that, due to its antioxidant activity, vanillin increases osteoblast survival in bone tissue by
preventing oxidative damage, thereby increasing bone formation.

5. Conclusions

In conclusion, the present study is the first report that vanillin purified from A. triphylla
var. japonica stimulates osteoblast differentiation, maturation, and survival by increasing
BMP2 signaling, RUNX2 expression, F-actin polymerization, migration, and antioxidant
capacity, resulting in bone matrix calcification in an in vitro cell system (Figure 6E). In
future studies, reverification using primary cultured osteoblast cells, other cell sources,
and in vivo animal experiments should be explored to further confirm vanillin-induced
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bone formation and protective effects against skeletal disorders. Despite the limitations
of the present study, our in vitro results suggest vanillin as a new compound regulating
osteogenic processes, and they provide future perspectives for the use of vanillin as a
bone-protective compound in daily health supplements or for skeletal disorders such
as osteoporosis.
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