in vivo 35: 883-888 (2021)
doi:10.21873/invivo.12328

Vignacyanidin Polyphenols Isolated from Vigna
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Abstract. Background/Aim: An effective bone regenerative
method needs to be established for the dental field. To
identify a novel osteogenic factor for bone regeneration, we
examined the effect of vignacyanidin (VIG) on
osteoblastogenesis. Materials and Methods: W20-17 cells,
MC3T3-El cells, and primary cultured murine calvarial
osteoblasts were used. Osteoblast differentiation was
stimulated by [3-glycerophosphate, ascorbic acid, or bone
morphogenetic protein (BMP)-4. Adipogenesis was induced
using dexamethasone, 3-isobutyl-1-methylxanthine, insulin,
and rosiglitazone. Differentiation or proliferation markers
were determined using western blotting and/or the
quantitative reverse transcription polymerase chain reaction.
Adipogenic cells were visualized by Oil Red O staining.
Results: VIG treatment increased the expression of
osteoblastic markers and alkaline phosphatase activity of
osteoblast-lineage cells in a concentration-dependent
manner. However, adipogenesis and cell proliferation were
not affected by VIG. Conclusion: VIG treatment promoted
osteoblast differentiation in osteoblast-lineage cells.

Alveolar bone defects arise mainly from periodontal diseases
such as periodontitis. Patients who lose their teeth due to
infection or inflammation may experience alveolar bone
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resorption. In addition to being uncomfortable, this bone loss
can cause dental disfigurement and complicate the adaptation
of dental implants and other prosthetic appliances. Although
dental implants are regarded as an effective treatment for
recovering the occlusal function of missing teeth, many
patients do not have adequate bone volume for building
dental implants (1). Therefore, an effective method to
increase bone formation by osteoblasts is required.

Bone is continuously remodeled by the processes of bone
resorption by osteoclasts and bone formation by osteoblasts.
Osteoclasts originate from hematopoietic monocyte/
macrophage lineage cells that are present in the bone marrow
and blood (2). In contrast, osteoblast-lineage cells, such as
osteoblasts and osteocytes, are derived from bone marrow
mesenchymal stem cells (BMMSCs) (3). BMMSCs are
multipotent stem cells that can differentiate not only into
osteoblast-lineage cells, but also into other cell types,
including adipocytes (4).

Bioactive molecules, such as growth factors, are
considered useful for bone regeneration. These molecules
include insulin-like growth factor, fibroblast growth factor 2,
platelet-derived growth factor, bone morphogenetic protein
(BMP)s, and transforming growth factor beta (5). They
stimulate the proliferation and differentiation of
osteoprogenitor cells (6, 7). However, the clinical application
of bioactive molecules is limited because of concerns
regarding their safety and cost-effectiveness (8). Thus, new
supportive drugs that induce bone regenerations are required.

Polyphenols are chemical compounds with multiple
phenol units (C¢gHgO). They are synthesized naturally by
plants. Humans benefit from dietary intake of polyphenols,
including improvements in bone health (9, 10). Polyphenols
affect osteoblasts by regulating different signaling pathways,
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Figure 1. The effect of vignacyanidin (VIG) on the viability of MC3T3-EI cells. (A-C) MC3T3-E1 cells were treated with 0.5 ml dimethyl sulfoxide
(DMSO) or 0.5 ml VIG diluted in DMSO (final concentrations: 1, 5, or 10 uM). After 48 h, the morphology of cells was observed using phase-
contrast microscopy (A). After detaching the cells with a brief exposure to trypsin/EDTA, the number of cells was counted. In addition, the number
of viable cells that excluded Trypan Blue dye was determined (B). Cell survival was calculated by dividing the number of viable cells by the total
number of cells (C). Original magnification, 4x (A). Data are presented as mean+SD (n=4).

such as those involving canonical Wnts (11, 12), insulin-like
growth factor (13), BMPs (14), runt-related transcription
factor 2 (Runx2) (15), and Osterix (Osx) (16). Moreover,
because of their structural similarity to mammalian
estrogens, some polyphenols, such as isoflavones, can bind
to estrogen receptors and act as hormone analogs (17).

We have previously isolated a purplish compound
belonging to the catechin group from adzuki beans, and
named it vignacyanidin (VIG) (18, 19). Recently, its
chemical structure has been elucidated (20). However, the
effect of VIG on bone metabolism remains unknown. Here,
we demonstrated that VIG stimulates osteoblast proliferation
and differentiation in vitro.

Materials and Methods

Extraction and purification of VIG from adzuki beans. The methods
used to extract and purify VIG from adzuki beans (cultivar “Erimo-
shozu”) have been described previously (18, 19). Briefly, dried
adzuki beans were soaked in water and left overnight at room
temperature. After removing the water, the pigments in the soaked
beans were extracted with 1% HCI in methanol. The extract was
concentrated using a rotary evaporator with ethyl acetate. Purplish
pigments in the ethyl acetate extract were purified using Sephadex
LH-20 and preparative HPLC.

Cell culture and treatments. The mouse calvarial osteoblast cell line
MC3T3-E1 was obtained from Riken BioResource Center (Tsukuba,
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Japan). MC3T3-E1 cells were cultured and maintained in a.-minimal
essential medium (Fujifilm Wako Pure Chemical Corporation,
Osaka, Japan) supplemented with 10% fetal bovine serum (Nichirei
Blosciences Inc., Tokyo, Japan), and 100 U/ml penicillin-
streptomycin (Fujifilm Wako Pure Chemical Corporation). W20-17
cells were obtained from American type culture collection
(Manassas, VA, USA), cultured, and maintained as described
previously (21, 22). Primary cultured osteoblasts were prepared by
sequential digestion of newborn mouse calvarial bones by
collagenase and dispase, as described previously (23). The animal
experiments were approved by the animal experiment committee of
Kyushu Dental University (approved number #19-011). Osteoblast
differentiation of MC3T3-E1 cells or primary cultured calvarial
osteoblasts was stimulated by culturing the cells in an osteogenic
medium containing 50 pg/ml ascorbic acid (Fujifilm Wako Pure
Chemical Corporation) and 10 mM f-glycerophosphate (Sigma-
Aldrich, St. Louis, MO, USA) for 7 days. W20-17 cells were treated
with 0, 1, 5, or 10 pM VIG along with 20 ng/ml recombinant human
BMP-4 (R & D systems, Minneapolis, MN, USA) for 3 days. For
the adipogenesis assay, W20-17 cells were treated with 0, 1, 5, or
10 uM VIG along with 10 pM dexamethasone (Fujifilm Wako Pure
Chemical Corporation), 0.5 mM 3-isobutyl-1-methylxanthine
(Fujifilm Wako Pure Chemical Corporation), 10 pg/ml insulin
(Fujifilm Wako Pure Chemical Corporation), and 10 pM
rosiglitazone (Fujifilm Wako Pure Chemical Corporation).

Cell viability assay. MC3T3-El cells were plated into 24-well
culture plates at 1.0x10% cells per well. Five hours after plating,
the cells were treated with a-minimal essential medium
supplemented with 5% fetal bovine serum and 0.5 ml dimethyl
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Figure 2. Vignacyanidin (VIG) stimulates osteoblast differentiation of osteoblast-lineage cells. (A-E) MC3T3-EI cells were cultured in osteogenic
medium (growth medium supplemented with 50 ug/ml ascorbic acid, and 10 mM p-glycerophosphate) with 0, 1, 5, or 10 uM VIG for 7 days. The
mRNA levels of Runt-related transcription factor 2 (Runx2) (A), Osterix (Osx) (B), Alkaline phosphatase (Alp) (C), and Osteopontin (Opn) (D) were
determined by quantitative real-time polymerase chain reaction. ALP activity was also assessed (E). Primary cultured calvarial osteoblasts were
treated with 0, 1, 5, or 10 uM VIG along with 10 mM f-glycerophosphate and 50 ug/ml ascorbic acid for 7 days, and ALP activity was assessed
(F). Data are presented as mean+SD (n=4). **p<0.01, *p<0.05, versus control treatment.

sulfoxide (Fujifilm Wako Pure Chemical Corporation) or 0.5 ml of
VIG solution diluted in this solvent (final VIG concentrations: 1,
5, or 10 uM). Two days later, the attached cells were rinsed with
phosphate-buffered saline (PBS) and detached with a brief
exposure to trypsin/ethylenediaminetetraacetic acid (Fujifilm Wako
Pure Chemical Corporation). A 10 ml aliquot of the cell suspension
was mixed with an equal volume of Trypan Blue (Fujifilm Wako
Pure Chemical Corporation) and placed in a TC10 automated cell
counter (BIO-RAD Laboratories, Hercules, CA, USA). Viable cells
that excluded the Trypan Blue dye were counted. In addition, the
morphology of the cells was observed using phase-contrast
microscopy (24).

RNA isolation and the quantitative real-time polymerase chain
reaction. Total RNA was isolated from the cells using a FastGene™
RNA Basic Kit (Nippon Genetics, Tokyo, Japan) and reverse-
transcribed into cDNA using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Waltham, MA, USA). The
SYBR green-based quantitative polymerase chain reaction was
performed using PowerUp SYBR (ThermoFisher Scientific,
Waltham, MA, USA) and the QuantStudio 3 Real-Time PCR
System (ThermoFisher Scientific). ¢cDNA was detected and
quantified using specific primers against genes encoding murine
Runt-related transcription factor 2 (Runx2) (primer sequences:
forward, TTCAACGATCTGAGATTTGTGGG; reverse,
GGATGAGGAATGCGCCCTA), murine Osterix (Osx) (primer
sequences: forward, AGAGATCTGAGCTGGGTAGAGG,; reverse,
AAGAGAGCCTGGCAAGAGG), murine Alkaline phosphatase
(Alp) (primer sequences: forward, CGGGACTGGTACTCGGATAA;
reverse, ATTCCACGTCGGTTCTGTTC), murine Osteopontin
(Opn) (primer sequences: forward, TTTCGCAGACCTHACATCC;
reverse, GGCTGTCCCAATCAGAAGG), murine Osteocalcin (Oc)
(primer sequences: forward, AGACTCCGGCGCTACCTT; reverse,
CTCGTCACAAGCAGGGTTAAG), murine Cyclin A2 (primer
sequences: forward, CTTGGCTGCACCAACAGTAA; reverse,
CAAACTCAGTTCTCCCAAAACA), murine Cyclin D1 (primer
sequences: forward, TTTCTTTCCAGAGTCATCAAGTGT;

reverse, TGACTCCAGAAGGGCTTCAA), murine Cyclin El
(primer sequences: forward, TTTCTGCAGCGTCATCCTC; reverse,
TGGAGCTTATAGACTTCGCACA), or murine fB-actin (primer
sequences: forward, AAGGCCAACCGTGAAAAGAT; reverse,
GTGGTACGACCAGAGGCATAC). Expression levels were
normalized to S-actin using the 2-AACt method (25).

Alkaline phosphatase activity (ALP) activity. Cells were treated with
an ethanol/acetone (50:50) mixture and incubated with a substrate
solution composed of 0.1 M diethanolamine, 1 mM MgCl,, and 1
mg/ml p-nitrophenyl phosphate. The reaction was stopped by adding
3 M NaOH. Absorbance values were measured at 405 nm (23).

Oil Red O staining. On day 7, adipogenic cultures of W20-17 cells
were washed twice with PBS and fixed in 4% paraformaldehyde
buffer. The cells were then stained with Oil Red O (Sigma-Aldrich)
for 10 min at room temperature (26).

Proliferation assay. MC3T3-El cells were cultured in the presence
of various concentrations of VIG for 1, 2, and 3 days. The
proliferation of MC3T3-El cells was assessed using Cell Counting
Kit-8 (Dojindo, Kumamoto, Japan), according to the manufacturer’s
protocol (27).

Western blot analyses. An anti-Cyclin D1 mouse monoclonal antibody
(72-13G, Santa Cruz, Santa Cruz, CA, USA), anti-Cyclin A2 rabbit
polyclonal antibody (GST103042, Gentex, Irvine, CA, USA), and anti-
[-actin mouse monoclonal antibody (Sigma Aldrich Chemicals) were
used for western blotting analyses. Target proteins were visualized
using anti-rabbit or anti-mouse IgG antibodies conjugated with
horseradish peroxidase (Cell signaling, Beverly, MA, USA) and
ImmunoStar LD (Fujifilm Wako Pure Chemical Corporation).

Statistical analyses. Comparisons were made using an unpaired
analysis of variance (ANOVA) with the Tukey-Kramer post-hoc or
Wilcoxon signed-rank tests. Data are shown as mean*standard
deviations.
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Figure 3. Vignacyanidin (VIG) stimulates osteoblast differentiation but does not affect adipogenesis of bone marrow mesenchymal stem cells. (A-
E) W20-17 cells were treated with 0, 1, 5, or 10 uM VIG along with 20 ng/ml of recombinant human bone morphogenic protein-4 for 3 days. The
mRNA levels of runt-related transcription factor 2 (Runx2) (A), Osterix (Osx) (B), Alkaline phosphatase (Alp) (C), and Osteocalcin (Oc) (D) were
determined by quantitative real-time polymerase chain reaction. ALP activity was also assessed (E). (F) W20-17 cells were treated with 0, 1, 5, or
10 uM VIG along with 0.5 mM of 3-isobutyl-1-methylxanthine, 10 uM dexamethasone, 10 ug/ml insulin, and 10 uM rosiglitazone. Adipocytes were
stained with Oil Red O on day 7. Original magnification, 4x. Data are presented as mean+SD (n=4). **p<0.01, *p<0.05, versus control treatment.

Results

VIG stimulates osteoblast differentiation. First, we determined
the appropriate concentration of VIG using the murine
calvarial osteoblast cell line, MC3T3-E1. The concentration
range of VIG was referenced from a previous study (28). In
the current study, VIG did not affect cell morphology (Figure
1A), the total number of cells (Figure 1B), or cell survival
(Figure 1C) at concentrations at or under 10 uM. Therefore,
we selected 10 uM VIG for further experiments.

We examined whether VIG induced osteoblast
differentiation by assessing expression the mRNA levels of
the osteoblast markers, Runt-related transcription factor 2
(Runx2), Osterix (Osx), alkaline phosphatase (Alp), and
osteopontin (Opn) in MC3T3-E1 cells. VIG increased the
levels of these markers in a concentration-dependent manner
(Figure 2A-D). VIG also stimulated ALP activity not only in
MC3T3-El cells (Figure 2E), but also in primary cultured
calvarial osteoblasts (Figure 2F).

VIG enhances osteoblast differentiation induced by BMP-4
but does not affect adipogenesis of BMMSCs. We examined
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the effect of VIG on osteoblast differentiation using W20-17
murine bone marrow stromal cells. VIG enhanced the
mRNA levels of Osx, Alp, and Osteocalcin (Oc) (Figure 3A-
D), as well as ALP activity (Figure 3E), induced by BMP-4.
However, VIG treatment did not affect the adipogenesis of
W20-17 cells (Figure 3F).

VIG does not affect osteoblast proliferation. We examined the
effect of VIG on the proliferation of MC3T3-E1 cells. VIG did
not affect the number of cells (Figure 4A). Further, VIG did not
affect the mRNA or protein levels of the cell cycle-related
proteins Cyclin D1, Cyclin A2, and Cyclin E1 (Figure 4B-E).

Discussion

In this study, we report that VIG promotes osteoblast
differentiation of osteoblast-lineage cells without affecting
proliferation or adipogenesis. Although osteo-inductive
BMPs have been regarded as some of the most important
molecules for bone regeneration, their clinical application
has not been widespread (22). One reason is a lack of
clinical efficacy; for example, primates, including humans,
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Figure 4. Vignacyanidin (VIG) does not affect the proliferation of osteoblasts. (A-E) MC3T3-E1 cells were cultured in the presence of 0, 1, 5, or 10
uM VIG for 1, 2, and 3 days. Cell proliferation was assessed using Cell Counting Kit-8 (A). The mRNA levels of Cyclin DI (B), Cyclin A2 (C), and
Cyclin E1 (D) were determined by quantitative real-time polymerase chain reaction. (E) Western blotting results depict the protein levels of Cyclin
D1, Cyclin A2, and f3-actin. Images are representative of multiple independent experiments. Data are presented as mean+SD (n=4).

exhibit a poor response to BMPs and require high doses to
achieve the same osteo-inductive effects shown in rodents
(29). Thus, the development of molecules that enhance the
effect of BMPs is required to reduce the quantity needed for
clinically relevant results. In our study, VIG synergistically
enhanced BMP-4-induced ALP activity and osteoblast
differentiation (Figure 3), suggesting that VIG may be used
in combination with BMP to facilitate bone regeneration.

The relationship between osteoblastogenesis and adipogenesis
appears to be reciprocal. An increase in adipogenesis relative to
osteoblastogenesis of BMMSCs is associated with decreased
bone quality and quantity (30). Therefore, it is not sufficient to
increase the number of osteoblast progenitor cells (BMMSCs)
to stimulate osteoblastogenesis. Rather, it is also important to
prevent adipogenesis of BMMSCs. In our study, VIG did not
affect the adipogenesis of BMMSCs, although it firmly enhanced
osteoblastogenesis (Figure 3). Further research is required to
elucidate the mechanism by which VIG regulates cell fate
switching in BMMSCs.

In conclusion, VIG induces differentiation of osteoblast-
lineage cells. VIG can be taken orally; hence, treatment with
VIG provides a novel bone regenerative therapy, especially
as a supportive drug for BMPs.
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