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Abstract

The Paeonia suffruticosa ANDR. (P. suffruticosa) is commonly used in tradi-

tional medicine for various purposes. Suffruticosol A (Suf-A), isolated from

P. suffruticosa, is a beneficial compound with antibiofilm, antivirulence, and

anti-inflammatory properties. The aim of the present study was to investigate

the biological effects of Suf-A on osteogenic processes in pre-osteoblasts. It was

determined here in that Suf-A (>98.02%), isolated from P. suffruticosa, showed

no cytotoxicity at 0.1–30 μM; however, it induced cytotoxicity at 50–100 μM in

pre-osteoblasts. Suf-A increased osteogenic alkaline phosphatase activity and

expression levels of noncollagenous proteins. Adhesion and trans-migration on

the extracellular matrix were potentiated by Suf-A, but not by wound-healing

migration. Suf-A did not affect autophagy or necroptosis during osteoblast dif-

ferentiation. We found that Suf-A increased runt-related transcription factor

2 (RUNX2) levels and mineralized matrix formation. RUNX2 expression was

mediated by Suf-A-induced BMP2-Smad1/5/8 and mitogen-activated protein

kinase signaling, as demonstrated by Noggin, a BMP2 inhibitor. These results

suggest that Suf-A is a potential natural osteogenic compound.
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1 | INTRODUCTION

Paeonia suffruticosa ANDR. (P. suffruticosa) has been
found to yield various compounds, including monoter-
penes, paeonol, and phenolic compounds.1–4 Suffrutico-
sol A (Suf-A), a methanolic extract from the
P. suffruticosa fruit, has been shown to exert substantial
antieffects on stable 1,1-diphenyl-2-picrylhydrazyl radical
(DPPH) free radicals.5 Recently, Suf-A from Paeonia lacti-
flora seed was shown to suppress pro-inflammatory cyto-
kines tumor necrosis factor-α (TNF-α) and IL-1β, and
harmful inflammation in cigarette smoke- and LPS-
treated mice.6 Natural stilbenes and their derivatives
have been demonstrated to impart beneficial properties,
including antioxidative, anticancer, anti-inflammatory,
and anti-osteoporosis activities.7–10 To date, the osteo-
genic properties of Suf-A, purified from the P. suffruticosa
fruit, have not been demonstrated effectively.

Skeletal tissues undergo ongoing renewal to maintain
healthy bone. This is accomplished by physiological pro-
cesses of bone formation, which are minutely controlled
by multiple cellular pathways.11,12 Cellular events are
mainly activated by key proteins, including BMPs and
Wnts, in mesenchymal stem cells and pre-osteoblasts,
allowing them to differentiate into osteoblasts.12–15 Oste-
oblasts are specialized bone-forming cells that play essen-
tial roles in osteogenic protein synthesis and bone matrix
mineralization; conversely, abnormal osteogenic pro-
cesses cause aberrant bone formation, which is linked to
skeletal fragility and disorders, such as periodontal bone
loss and osteoporosis.16,17 Therefore, anabolic drugs
against skeletal disorders are of interest for regulating
osteoblast differentiation and function.18,19 Consequently,
it is critical to investigate and discover prospective com-
pounds to prevent and cure skeletal disorders.

In the present study, Suf-A was extracted from the
P. suffruticosa fruit (>98.02% purity), and its effects on
osteoblast differentiation, behavior, and bone-forming
biological activities were demonstrated.

2 | EXPERIMENTAL PROCEDURES

2.1 | Plant material and extraction

Dried fruits of P. suffruticosa were purchased from a com-
mercial herbal medicine market. The P836 voucher speci-
men was deposited at the Natural Products Bank of the
National Institute for Korean Medicine Development.
Dried fruits (130.0 g) were extracted using MeOH (2 L,
1�) at 50�C for 8 h in a water bath. Crude extracts
(40.0 g) were suspended in distilled water and organic
solvents (methylene chloride, ethyl acetate, and n-

butanol). The EtOAc-soluble fractions (3.0 g) were sub-
jected to Sephadex LH-20 column chromatography
(CC) and eluted with a gradient of MeOH 100%. Fraction
2 (1.0 g) was further purified by ODS-A CC and eluted
with a MeOH-H2O gradient solvent system (45:55 to
0:100, v/v). Fraction 21 (350 mg) was further purified on
a Lobar-A Lichroprep Si-60 CC and eluted with a CHCl3-
MeOH-H2O gradient solvent system (40:10:1, v/v) to
obtain 70 mg Suf-A (brown powder; molecular formula:
C42H32O9).

2.2 | Pre-osteoblast MC3T3-E1 cells

Pre-osteoblast MC3T3-E1 cells (ATCC, Manassas, VA,
USA) were cultured in α-Minimum essential medium
(α-MEM) (without L-ascorbic acid [L-AA]) containing
1 � Gibco® antibiotic–antimycotic (Thermo Fisher Scien-
tific, Waltham, MA, USA) and 10% FBS at 37�C, 95% air,
and 5% CO2. Differentiation of the pre-osteoblasts was
generated in osteogenic supplement (OS) medium con-
taining 10% FBS, 1 � Gibco® antibiotic–antimycotic, L-
AA (50 μg/ml) (Sigma-Aldrich, St. Louis, MO, USA), and
β-glycerophosphate (β-GP, 10 mM) (Sigma-Aldrich), as
previously described.20

2.3 | Cell viability

Cell viability was assessed using a 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay
(Sigma-Aldrich), as previously described.21 Briefly, cells
were seeded in 96-well plates and treated with Suf-A for
24 h, and then formazan formation was measured spec-
trophotometrically (540 nm) using a Multiskan GO
Microplate Spectrophotometer (Thermo Fisher Scien-
tific) after dissolution in 100% Dimethyl sulfox-
ide (DMSO).

2.4 | Alkaline phosphatase and
Alizarin Red S

Osteoblast differentiation was induced in OS with Suf-A,
and alkaline phosphatase (ALP) staining intensity and
activity were measured at 7 days using a substrate solu-
tion for the ALP reaction (Takara Bio Inc) and an ALP
activity kit (Biovision, Milpitas, CA, USA), respectively,
as previously described.22 Osteoblast differentiation was
induced in OS with Suf-A for 21 days, and Alizarin Red S
(ARS) staining was measured using 2% ARS (pH 4.2;
Sigma-Aldrich) to detect matrix mineralization, as previ-
ously described.20
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2.5 | Reverse transcription polymerase
chain reaction

Osteoblast differentiation was induced in OS with Suf-A for
7 days, and total RNA was extracted using TRIzol reagent
(Life Technologies, Gaithersburg, MD, USA). cDNA was
synthesized and amplified using RT PreMix (AccuPower,
Bioneer Corporation, Daejeon, South Korea) and polymer-
ase chain reaction (PCR) PreMix (AccuPower, Bioneer Cor-
poration). Reverse transcription PCR (RT-PCR) was
performed using an AllinOneCycler™ Thermal Block
(Bioneer Corporation), and the PCR products were detected
under ultraviolet exposure (ProteinSimple Inc., Santa Clara,
CA, USA).

Primer Sequences

Alp F: 50-ACACCTTGACTGTGGTTACTG-30

R: 50-CCATATAGGATGGCCGTGAAG-30

Bsp F: 50-TGTTTGTAGTGGGCTTCTTCTT-30

R: 50-TCCATCTAGTCCCAGCTCATAG-30

Ocn F: 50-ACACCATGAGGACCATCTTTC-30

R: 50-CGGAGTCTGTTCACTACCTTATT-30

Opn F: 50-GAGGTGATAGCTTGGCTTATGG-30

R: 50-TCCTTAGACTCACCGCTCTT-30

β-Actin F: 50-AATGTGGCTGAGGACTTTG-30

R: 50-GGGACTTCCTGTAACCACTTATT-30

2.6 | Adhesion and trans-migration on
the extracellular matrix, and wound
healing

Osteoblast differentiation was induced in OS with Suf-A
for 48 h, and adhesion and trans-migration were per-
formed using Matrigel solution (Corning Life Sciences,
Tewksbury, MA, USA), as previously described.20,23

Briefly, adherent cells were fixed in 10% formalin for
15 min and stained with 0.5% crystal violet for 10 min.
The absorbance was measured at a wavelength of
540 nm using a Multiskan GO microplate spectropho-
tometer (Thermo Fisher Scientific). After incubation in
the Boyden chamber for 4 h, the cells were fixed with
10% formalin for 15 min and stained with 0.5% crystal
violet for 10 min. Migration was counted under a light
microscope.

Wound healing was performed as previously
described.20 Briefly, monolayers were scratched with a
200-μl tip, cell debris was removed with 1� phosphate
buffered saline (PBS) , and osteoblast differentiation was

induced in OS with Suf-A for 48 h. Wound healing was
observed under a light microscope.

2.7 | Western blotting

Western blotting was performed as previously described.24

Briefly, 20 μg of protein, measured using Bradford reagent
(Bio-Rad, Hercules, CA, USA), was resolved by sodium
dodecyl-polyacrylamide gel electrophoresis and transferred
to a polyvinylidene fluoride membrane (Millipore, Bedford,
MA, USA). The membrane was blocked with 1� Tris-
buffered saline (TBS) for 1 h at room temperature. The
membranes were incubated overnight at 4�C with primary
antibodies, washed with 1� TBS with Tween 20 (TBST),
and incubated with secondary antibodies (1:10,000, Jackson
ImmunoResearch, West Grove, PA, USA) for 1 h at room
temperature. After the membranes were washed with
1 � TBST, protein bands were detected using an enhanced
chemiluminescence kit (Millipore). The antibodies used are
as follows: p-ERK1/2 (1:1000, #9101S, Cell Signaling Tech-
nology, Beverly, MA, USA), ERK1/2 (1:2000, #9102, Cell
Signaling Technology), p-JNK (1:1000, #9251, Cell Signaling
Technology), JNK (1:1000, #9252, Cell Signaling Technol-
ogy), 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-PAO9419AORb; CUSABIO, Houston, TX, USA),
β-catenin (1:1000, #8480, Cell Signaling Technology), p-
GSK3β (1:1000, #9336, Cell Signaling Technology), GSK3β
(1:1000, #12456, Cell Signaling Technology), p-Smad1/5/8
(1:2000, #13820, Cell Signaling Technology), Wnt3a
(1:1000, #2721; Cell Signaling Technology), β-actin (1:1000,
#sc-47778, Santa Cruz Biotechnology), Beclin1 (1:1000,
#3495, Cell Signaling Technology), LC3A/B (1:1000,
#12741, Cell Signaling Technology), p62 (1:1000, #5114,
Cell Signaling Technology), p-MLKL (1:1000, #91689, Cell
Signaling Technology), MLKL (1:1000, #14993, Cell Signal-
ing Technology), p-RIP3(1:1000, #93654, Cell Signaling
Technology), and RIP (1:1000, #13526, Cell Signaling
Technology).

2.8 | Autophagic and necroptotic
signaling detection

Osteoblast differentiation was induced in OS with Suf-A
for 24 h, and the total protein concentration was deter-
mined using Bradford reagent (Bio-Rad). Autophagic sig-
naling proteins (Beclin-1, LC3A/B, and p62) and
necroptotic signaling proteins (p-MLKL, MLKL, p-RIP3,
RIP3) were detected using western blotting.
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2.9 | Immunocytochemistry

Immunocytochemistry was performed as previously
described.20 Briefly, osteoblast differentiation was induced in
OS with Suf-A for 3 days, fixed, permeabilized, and blocked
with 3% bovine serum albumin (BSA) diluted in 1� PBS for
1 h. Anti-RUNX2 antibody (1:200 dilution, Cell Signaling
Technology) and Alexa Fluor 568-secondary antibody (1:500
dilution, Invitrogen, Carlsbad, CA, USA) were used to detect
RUNX2 levels. 40,6-diamidino-2-phenylindole (DAPI) solu-
tion (Sigma-Aldrich) was used for the nuclear staining.

2.10 | Statistical analysis

GraphPad Software (Version 5) was used to investigate
the data (San Diego, CA, USA). One-way analysis of vari-
ance was performed to determine statistical significance
(p < 0.05). Data were provided as the mean ± SEM.

3 | RESULTS

3.1 | Purification of Suf-A and its
activities on the viability and
differentiation in pre-osteoblasts

The chemical structure, high-performance liquid chromatog-
raphy (HPLC), 1H-NMR, and 13C-NMR spectra of Suf-A
(brown powder, C20H24O5, >98.02% purity), purified from
the dried fruit of P. suffruticosa, are shown in Figure 1A–D.
The procedure for purifying Suf-A from 130 g P. suffruticosa
is shown in Figure 1E. First, the effects of Suf-A on cell via-
bility were investigated in pre-osteoblasts. The MTT assay
showed that Suf-A did not affect cytotoxic activities at 0.1–
30 μM, but not 50 and 100 μM, against pre-osteoblasts
(Figure 2A). Next, to investigate the osteogenic activities of
Suf-A, the staining pattern and activity of ALP were analyzed
7 days after the early differentiation induction; the obtained
results showed that Suf-A significantly stimulated early osteo-
blast differentiation, compared with OS (Figure 2B,C). It was
further demonstrated that Suf-A-stimulated differentiation
enhanced the expression of osteogenic genes, including bone
sialoprotein (Bsp), osteocalcin (Ocn), osteopontin (Opn), and
Alp, compared with the corresponding expression levels after
treatment with OS (Figure 2D).

3.2 | Suf-A induced adhesion and trans-
migration during differentiation of pre-
osteoblasts

Adhesion, wound-healing, and trans-migration assays
were performed to analyze whether Suf-A affects

osteoblast-mediated bone formation. First, adhesion
experiments were performed on Matrigel-coated plates,
and the results revealed that Suf-A facilitated cell adhe-
sion to the extracellular matrix (ECM), compared with
OS (Figure 3A,B). Second, wound-healing experiments
were performed on the wounded monolayers. As shown
in Figures 3A,B, Suf-A did not affect wound-healing
migration toward the wound region compared with OS
(Figure 3C,D). Trans-migration experiments revealed that
Suf-A enhanced trans-migration across Matrigel-coated
membranes compared with OS, suggesting that Suf-A
stimulates trans-migration due to increased adhesion on
the ECM.

3.3 | Suf-A enhanced RUNX2 expression
and bone matrix mineralization

To examine the biological activities of Suf-A on the main
RUNX2 transcription factor involved in osteoblast differ-
entiation, RUNX2 expression was investigated using
western blotting. Suf-A-stimulated osteoblast differentia-
tion increased the RUNX2 protein level compared with
the corresponding protein level after treatment with OS
(Figure 4A). Consistent with these results, immunocyto-
chemical experiments showed that Suf-A enhanced
RUNX2 accumulation in the nucleus (Figure 4B). To vali-
date the effects of Suf-A on osteoblast differentiation,
matrix mineralization generated by osteoblast maturation
was assessed using ARS experiments. The results
revealed that Suf-A significantly stimulated mineralized
formation compared with OS (Figure 4C). These observa-
tions were also confirmed by mineralization quantifica-
tion, compared with OS (Figure 4D).

3.4 | Suf-A-facilitated RUNX2 expression
was mediated by BMP2 signaling,
regardless of Wnt3a-, autophagic- and
necroptotic signaling

To further examine the biological mechanism of RUNX2
expression, osteoblast differentiation was induced in OS
with Suf-A for 48 h, and upstream signaling molecules
associated with RUNX2 expression were analyzed using
western blotting. The obtained results showed that Suf-A
stimulated BMP2 levels and Smad1/5/8 phosphorylation,
but not GSK3β phosphorylation and β-catenin levels,
compared with OS (Figure 5A). It was investigated the
mitogen-activated protein kinases (MAPKs) that is the
non-canonical BMP2 pathway. Western blotting revealed
that Suf-A stimulated p38, JNK, and ERK phosphoryla-
tion (Figure 5B). However, Suf-A did not affect autopha-
gic or necroptotic signaling (Figure S1A,B). This was
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further examined using a BMP2 inhibitor (Noggin) and
MAPKs inhibitors (U0126, SP600125, and SB 203580).
Inhibitor treatments validated that Suf-A promotes
RUNX2 expression through BMP2 signaling during the
differentiation of pre-osteoblasts (Figure 6A,B).

4 | DISCUSSION

Osteogenic processes require osteoblast differentiation,
adhesion, and migration, together with bone matrix

mineralization, for bone development, formation, remo-
deling, and repair, right from the time of conception until
death.25–29 Pathologically, the etiology of bone disorders,
including osteoporosis and periodontitis, is directly
linked to osteoblast-mediated bone formation.16–18,30

Therefore, it is crucial to focus on osteoblasts for drug
development to treat bone disorders. Various natural
compounds have been reported to stimulate osteoblast
differentiation and bone formation.18,19,31,32 Herein, we
extracted Suf-A from the P. suffruticosa fruit and exam-
ined its osteogenic activities.

FIGURE 1 Purification of

Suffruticosol A (Suf-A) from the

dried fruit of Paeonia

suffruticosa. (A) Chemical

structure of Suf-A. (B) HPLC

chromatogram. Purity: >98.02%.

(C,D) 13C NMR (C) and 1H

NMR spectra (D). (E) Procedure

for extracting Suf-A from

P. suffruticosa
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FIGURE 2 Activities of Suffruticosol A (Suf-A) on the viability and differentiation. (A) Pre-osteoblasts were incubated for 24 h

with Suf-A (0.1–100 μM). Cell viability was determined using an 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)

assay. (B,C) After osteoblast differentiation was induced by osteogenic supplement (OS) medium for 7 days with Suf-A (1 and 10 μM),

the differentiation was visualized using alkaline phosphatase (ALP) reaction solution and captured using a scanner. Short: Short

exposure time of detection. Long: Long exposure time of detection (B). ALP activity was detected using a spectrophotometer (C).

(D) After the cells were seeded onto six-well plates and differentiated for 7 days, alkaline phosphatase (Alp), bone sialoprotein (Bsp),

osteocalcin (Ocn), and osteopontin (Opn), mRNA levels were analyzed using reverse transcription polymerase chain reaction (RT-

PCR). Data are presented as the mean ± SEM. Statistical significance: *p < 0.05 was compared to the control and #p < 0.05 was

compared to OS medium.
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ALP is a well-known early osteoblast differentiation
marker; furthermore, non-collagenous proteins OCN,
BSP, and OPN are components of mineralized tissues
responsible for calcium metabolism, mineral deposition,
and hydroxyapatite crystallization on the ECM, leading
to mineralization and skeletal tissue formation.33,34 In
the present study, our data showed that Suf-A stimulates
ALP activity and expression, with increased expression of
osteoblast genes, including Ocn, Bsp, and Opn. Therefore,
our findings suggest that Suf-A promotes osteoblast dif-
ferentiation by stimulating ALP activity and upregulating
bone tissue components.

Osteoblast-induced bone formation involves migra-
tion and adhesion, leading to the formation of osteoid
and mineralized tissues.35,36 Pre-osteoblasts migrate into
specific niches of bone formation and attach to the site,
leading to further osteogenic activities, differentiation,
and bone formation via bone matrix mineralization.37–39

Zn induces the migration and recruitment of osteoblasts
to participate in bone formation.40 Smriti et al. found that
Nck, an adaptor molecule that links the cytoskeleton and

cell motility, causes osteoblast migration and bone forma-
tion.41 Jia et al. reported that graphene accelerates osteo-
blast adhesion and mineralization.42 It was also reported
that the downregulated levels of RPTOR-independent
companion of mammalian target of rapamycin (mTOR)
complex 2 in osteoblasts result in decreased adhesion,
survival, and mineralization.43,44 In the present study, we
found that Suf-A promotes adhesion and migration in the
ECM, suggesting that Suf-A exerts osteogenic activities
by stimulating osteoblast adhesion and migration.

RUNX2 is a master regulator of gene transcription: it
facilitates the transcription of various mRNAs, including
Bsp, Ocn, Opn, and Alp, leading to osteoblast differentia-
tion, maturation, and mineralization.45–47 Our data
revealed that Suf-A augmented RUNX2 expression in the
nucleus, together with increased expression of Alp, Ocn,
Opn, and Bsp. Furthermore, Suf-A facilitates calcium
deposition and mineralization generated by mature oste-
oblasts. RUNX2 expression and osteoblast differentiation
are tightly regulated by various extracellular proteins and
intracellular signaling pathways.47 In particular, BMP2

FIGURE 3 Suffruticosol A

(Suf-A) induces adhesion and

trans-migration during the

differentiation of pre-osteoblasts.

(A,B) Adhesion was observed

using a light microscope (A) and

depicted as a bar graph (B).

(C,D) Wound-healing migration

was observed using a light

microscope (C) and depicted as

a bar graph (D). (E,F) Trans-

migration was detected using

the Boyden chamber, observed

using a light microscope (E),

and depicted as a bar graph (F).

Data are presented as the mean

± SEM. Statistical significance:

*p < 0.05 was compared to the

control and #p < 0.05 was

compared to osteogenic

supplement (OS) medium.
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and Wnt3a extracellular proteins primarily activate intra-
cellular proteins, such as Smad1/5/8 and β-catenin,
respectively, which induce RUNX2 expression.48,49 Our
results demonstrated that Suf-A enhances RUNX2
expression via BMP2-mediated Smad1/5/8 and MAPKs
(ERK1/2, p38, and JNK) signaling, whereas Suf-A has no
influence on Wnt3a-mediated GSK3β/β-catenin signal-
ing. BMP2 knockout mice were demonstrated to have
impaired maturation and formation of mineralized tis-
sues, including bone, enamel, and periodontium.50–52

RUNX2 knockout mice demonstrate ossification failure,

and reduced RUNX2 expression has been linked to aber-
rant bone formation.53 Therefore, our findings suggest
that Suf-A has biological mechanisms to enhance osteo-
blast differentiation and mineralization by stimulating
RUNX2 via BMP2 signaling cascades.

Recently, necroptosis and autophagy have been
reported to play critical roles in osteogenic activity and
bone formation under physiological and pathological
conditions.54–57 Iron overload induces osteoblast necrop-
tosis via the RIPK1/RIPK3/Mixed Lineage Kinase
Domain Like Pseudokinase (MLKL) pathway.56 Chronic

FIGURE 4 Suffruticosol A (Suf-A)

enhances RUNX2 expression and bone

matrix mineralization. (A) After

differentiation for 3 days, western

blotting was used to detect RUNX2 and

β-actin (a loading control) proteins in

whole-cell lysates. (B) After

differentiation for 3 days,

immunocytochemistry was used to detect

RUNX2 protein with DAPI (a nuclear

marker) in the nucleus. (C,D) After

differentiation for 21 days, bone matrix

mineralization was stained by Alizarin

Red S (ARS) and captured using a

scanner (C). The mineralization levels

were detected using an ELISA reader (D).

Data are presented as the mean ± SEM.

Statistical significance: *p < 0.05 was

compared to the control and #p < 0.05

was compared to osteogenic supplement

(OS) medium.
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alcohol consumption also causes osteoblast necroptosis,
which leads to osteopenia.57 Necrostatin-1, a necroptosis
inhibitor, enhances the levels of bone-formation markers
and stimulates bone formation in glucocorticoid-induced
osteoporosis in rats.58 Necrostatin-1 also protects pre-
osteoblast MC3T3-E1 cells against dexamethasone-
induced cell death.59 Recent evidence shows that

differentiation and bone disease are affected by
autophagy.60–62 Kaempferol activates autophagy-related
molecules, such as Beclin-1, microtubule-associated pro-
tein light chain 3 (LC3), and p62, and kaempferol-
induced autophagy stimulates osteoblast differentiation
of pre-osteoblast MC3T3-E1 cells.63 Vitamin K2 stimu-
lates differentiation and mineralization by inducing

FIGURE 5 Suffruticosol A (Suf-A) stimulates BMP2 signaling during the differentiation of pre-osteoblasts. (A) BMP2, p-Smad1/5/8,

Wnt3a, p-GSK3β, GSKβ, and β-catenin, as well as β-Actin (a loading control), proteins in whole-cell lysates were detected using western

blotting. (B) p-ERK, ERK, p-JNK, JNK, p-p38, and p38 proteins in whole-cell lysates were detected using western blotting. Data are

presented as the mean ± SEM. Statistical significance: *P < 0.05 was compared to the control and #p < 0.05 was compared to osteogenic

supplement (OS) medium.
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autophagy in pre-osteoblast MC3T3-E1 cells.64 TNF-α
inhibits osteoblast differentiation and induces apoptotic
cell death, whereas autophagy prevents TNF-α-mediated
effects.65,66 In the present study, we found that Suf-A
does not affect autophagic and necroptotic proteins, such
as Beclin-1, LC3, ubiquitin-binding protein p62 (p62),
MLKL, and receptor-interacting protein kinase 3 (RIP3),
suggesting that the osteogenic effects of Suf-A are unre-
lated to autophagy or necroptosis.

In conclusion, anabolic drugs enhance osteoblast dif-
ferentiation and bone formation in skeletal disorders.19,67

Natural compounds derived from plants are increasingly
being sought after as the treatment of choice for skeletal
disorders because they have fewer side effects and are
more efficacious.18,31,68 The results obtained herein dem-
onstrate that Suf-A, isolated from the P. suffruticosa fruit,
possesses osteogenic properties by enhancing osteoblast
differentiation, adhesion, migration, and calcification
based on biological mechanisms via BMP2 signaling-
induced RUNX2 expression. Therefore, our findings sug-
gest that Suf-A may serve as a promising supplement or
anabolic medicine for treating skeletal disorders.
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FIGURE 6 Suffruticosol A

(Suf-A)-facilitated RUNX2

expression is mediated by BMP2

signaling during the

differentiation of pre-

osteoblasts. (A) After Suf-A were

treated with or without Noggin

(10 and 50 μg/ml) for 3 days,

RUNX2 and β-actin proteins

were detected using western

blotting. (B) After Suf-A were

treated with or without U0126

(1 μM), SP600125 (1 μM), and

SB 203580 (1 μM) for 3 days,

RUNX2 and β-actin proteins

were detected using western

blotting. Data are presented as

the mean ± SEM. Statistical

significance: *p < 0.05 was

compared to the control,

#p < 0.05 was compared to

osteogenic supplement

(OS) medium, and $p < 0.05

was compared to OS + Suf-A.
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