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Abstract
Vitexin (apigenin-8-C-d-glucopyranoside) is a flavonoid isolated from natural sources. It has been employed as an anti-
oxidant, anti-inflammatory, and anti-cancer agent, and is used as a traditional Chinese medicine to treat a variety of illnesses. 
The present study investigated the effect of vitexin on osteoblast differentiation of C3H10T1/2 mesenchymal stem cells, 
MC3T3-E1 preosteoblast, mouse calvarial primary cells, and primary bone marrow stem cells (BMSCs). RT-PCR and quan-
titative PCR demonstrated that vitexin increased mRNA expression of the osteogenic genes distal-less homeobox 5 (Dlx5) 
and Runxt-related transcription factor 2 (Runx2). Vitexin also increased the Dlx5 and Runx2 protein levels, Smad1/5/9 
phosphorylation, and alkaline phosphatase (ALP) activity. In addition, vitexin increased Runx2-luciferase activity. Moreo-
ver, knockdown of Runx2 attenuated the increase in ALP activity induced by vitexin. These results demonstrate that vitexin 
enhances osteoblast differentiation via Runx2.
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Abbreviations
MSC  Mesenchymal stem cell
BMSC  Bone marrow stromal cell
BMP  Bone morphogenetic proteins
Runx2  Runt-related transcription factor 2
TNF-α  Tumour necrosis factor-α
ALP  Alkaline phosphatase
DMEM  Dulbecco’s Modified Eagle’s Medium
Dlx5  Distal-less homeobox 5
DMSO  Dimethyl sulfoxide
Smad  Small mothers against
FBS  Fetal bovine serum

Introduction

Bone is a dynamic tissue that is remodeled via the actions of 
bone-forming osteoblasts and bone-resorbing osteoclasts [1]. 
An imbalance in these actions can lead to various diseases 

such as osteoporosis, bone metastasis, and tumor-induced 
bone destruction, rheumatoid arthritis, and osteosclerosis 
[2, 3]. Therefore, bone remodeling is very important. Osteo-
blasts are derived from mesenchymal stem cells (MSCs), 
which are pluripotent cells that can differentiate into osteo-
blasts, adipocytes, myocytes, and chondrocyte [4–6].

Runx2 is a member of the runt domain gene family, also 
known as Cbfa1. Runx2 has first demonstrated in 1997 that 
the role of it was essential in osteoblast differentiation [7]. 
Runx2 role was important for the cell cycle and maturation 
stages during osteoblast differentiation [8]. Runx2 is a tran-
scription factor that increases alkaline phosphatase (ALP) 
activity and matrix mineralization in vitro [9–11]. Previous 
reports indicate that Runx2 is a transcription factor integral 
to osteoblast differentiation.

Vitexin (apigenin-8-C-d-glucopyranoside) is a flavonoid 
isolated from plants [12]. It has been employed as an anti-
oxidant, anti-inflammatory, and anti-cancer agent, and is 
used as a traditional Chinese medicine to treat a variety of 
illnesses [12–15]. Vitexin elicits anti-inflammatory effects 
by inhibiting secretion of tumor necrosis factor-α [16] and 
exerts anti-cancer effects by upregulating p53 [12]. A recent 
study reported that vitexin suppresses osteoclastogenesis and 
reduces lipopolysaccharide-induced osteolysis [17]. How-
ever, the effect of vitexin alone on osteogenic differentiation 
has not been investigated at the mRNA level.

 * Won-Gu Jang 
 jangwg@daegu.ac.kr

1 Department of Biotechnology, School of Engineering, Daegu 
University, Gyeongbuk 38453, Republic of Korea

2 Research a of Anti-Aging, Daegu University, 
Gyeongbuk 38453, Republic of Korea

http://orcid.org/0000-0002-4426-6973
http://crossmark.crossref.org/dialog/?doi=10.1007/s11033-020-05929-y&domain=pdf


8810 Molecular Biology Reports (2020) 47:8809–8817

1 3

The present study investigated whether vitexin enhances 
osteogenic differentiation of C3H10T1/2 cells. We show that 
vitexin induced Smad 1/5/9 phosphorylation and enhanced 
osteogenic differentiation via Runx2.

Materials and methods

Animals

ICR mice used to isolate primary cells were maintained 
following the institutional guidelines of the Committee 
for Laboratory Animal Care and Use of Daegu University 
(DUIACC-12020/4-0313-006). Animals were maintained 
at 20–22 °C, 50–60% humidity, and 12-h-dark/light cycle 
conditions.

Primary mouse calvarial cells isolation

Isolated from calvaria in 2 days ICR mice. Isolated calvaria 
was incubated for 20 min in 5 mL PBS containing 0.1% 
collagenase (Gibco, Grand Island, NY, USA) and 0.2% dis-
pase (Gibco, Grand Island, NY, USA) with shanking. And 
then, the supernatant was collected using for 8 min at 1800 
RPM. This step was repeated 5 times. Primary mouse calva-
rial cells were maintained in Minimum Essential Medium 
Eagle-alpha modification (Gibco, Grand Island, NY, USA) 
with 10% fetal bovine serum (FBS) (Atlas Biologicals, Fort 
Collins, CO, USA), 100 units/mL penicillin, and 100 μg/mL 
streptomycin in humidified air containing 5%  CO2 at 37 °C.

Primary mouse bone marrow stromal cells (BMSCs) 
isolation

BMSCs were isolated from femur in 10 weeks ICR mice. 
Isolated femur is centrifuged at 10,000×g in a collection 
tube made using 200 mL pipette tips and e-tube to extract 
bone marrow. Isolated bone marrow cells were maintained 
in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, 
Grand Island, NY, USA) containing 10% FBS (Atlas Bio-
logicals), 100 units/mL penicillin, and 100 μg/mL strepto-
mycin in humidified air containing 5%  CO2 at 37 °C [18].

Cell culture

C3H10T1/2 mouse MSCs (ATCC, Manassas, VA, USA) 
were maintained in DMEM (Gibco) containing 10% FBS 
(Atlas Biologicals), 100 units/ml penicillin, and 100 μg/mL 
streptomycin in humidified air containing 5%  CO2 at 37 °C. 
To evaluate the effects of vitexin, cells were cultured in 
medium containing 10 μM vitexin. The medium with vitexin 
was replaced every 2 days.

MTT assay

C3H10T1/2 cells were seeded into 48-well-plates at a den-
sity of 3 × 104 cells per well and treated with 1–100 μM 
vitexin (Cayman Chemical, Ann Arbor, MI, USA) for 
4 days. Cell viability was monitored by the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT; Sigma-
Aldrich, St.Louis, MO, USA) assay. Cells were incubated 
with MTT solution for an additional 2 h, and then 200 μL of 
dimethyl sulfoxide was added to each well. Finally, absorb-
ance at 570 nm was measured using a multi-plate reader 
(Infinite M 200 Pro; Tecan Austria GmbH, Grödig, Austria).

RT‑PCR and quantitative PCR (Q‑PCR)

Total RNA was isolated from cells using Tri-Solution (Bio-
science Technology, Gyeongsan, Korea) according to the 
manufacturer’s instructions. RT-PCR was performed using 
5 µg of total RNA. The reaction conditions were as follows: 
an initial denaturation step at 94 °C for 1 min followed by 
25–30 cycles of denaturation at 94 °C for 30 s, annealing at 
the optimal temperature for each primer pair for 30 s, and 
extension at 72 °C for 30 s, with a final extension at 72 °C 
for 5 min. The primer sequences were as follows: β-actin 
forward 5′-TTC TTT GCA GCT CCT TCG TTG CCG -3′ and 
reverse 5′-TGG ATG GCT ACG TAC ATG GCT GGG -3′ (25 
cycles), Dlx5 forward 5′-CAG AAG AGT CCC AAG CAT 
CC-3′ and reverse 5′-GAG CGC TTT GCC ATA AGA AG-3′ 
(30 cycles), Runx2 forward 5′-CCG CAC GAC AAC CGC 
ACC AT-3′ and reverse 5′-CGC TCC GGC CCA CAA ATC 
TC-3′ (30 cycles), ALP forward 5′-ATC TTT GGT CTC GCT 
CCC ATG-3′ and reverse 5′-TTT CCC GTT CAC CGT CCA 
C-3′ (30 cycles).

ALP staining

C3H10T1/2 cells were cultured with vitexin (10 μM) for 
8 days. ALP staining was performed using standard proto-
cols. Cultured cells were fixed with 10% formalin, rinsed 
twice with deionized water, incubated with BCIP®/NBT 
solution (Sigma-Aldrich) for 15 min, washed again.

Western blotting

Total cells were harvested using an EzRIPA Lysis Kit 
(ATTO Technology, Tokyo, Japan) and centrifuged at 
12,000 g for 10 min at 4 °C. Total proteins in the lysates 
were quantified by the Bradford assay, separated by 10% 
sodium dodecyl sulfate-polyacrylamide gel electropho-
resis, and transferred to a polyvinylidene fluoride mem-
brane. After blocking with 5% skim milk prepared in 



8811Molecular Biology Reports (2020) 47:8809–8817 

1 3

Tris-buffered saline containing Tween 20, the membrane 
was incubated with specific primary antibodies (1:1000). 
Signals were detected using enhanced chemiluminescence 
reagents (Advansta, Menlo Park, CA, USA). Densito-
metric analysis of the membrane was performed using 
a FUSION Solo analyzer system (Vilber Lourmat, Eber-
hardzell, Germany).

Runx2 silencing and Runx2‑luciferase assay

Deprotected and annealed Runx2-targeting small inter-
fering RNAs (siRunx2) were chemically synthesized 
(Bioneer, Daejeon, Korea) and transfected according to 
the manufacturer’s instructions. C3H10T1/2 cells were 
transfected with siRunx2 using Lipofectamine 2000 
(Invitrogen, Carlsbad, CA, USA). The sequences were 
as follows: siRunx2(1) sense 5′-GAG CUA UUA AAG 
UGA CAG U-3′ and antisense 5′-ACU GUC ACU UUA 
AUA GCU C-3′, siRunx2(2) sense 5′-UGA UGA CUC 
UAA ACC UAG U-3′ and antisense 5′-ACU AGG UUU 
AGA GUC AUC A-3′, siRunx2(3) sense 5′-GAG GAU GUA 
CUG UGA UCA U-3′ and antisense 5′-AUG AUC ACA GUA 
CAU CCU C-3′. Luciferase activity was measured using a 
luciferase reporter assay system (Promega, Madison, WI, 
USA) and a luminometer according to the manufacturer’s 
instructions.

Statistical analysis

All experiments were repeated at least three times. Sta-
tistical analyses were performed using the Student’s t-test 
or an analysis of variance, followed by Duncan’s multiple 
comparison test. P values less than 0.05 were considered 
significant. Results are presented as the mean ± SEM of 
triplicate independent samples.

Results

Effect of vitexin on the viability of C3H10T1/2 cells

The chemical structure of vitexin is shown in Fig. 1a. Vitexin 
was soluble in dimethyl sulfoxide. The effects of various 
concentrations of vitexin the cell viability of C3H10T1/2 
cells were determined by the MTT assay (Fig. 1b). Cells 
were treated with 1, 5, 10, 50, and 100 μM vitexin for 4 days. 
Treatment with up to 50 μM vitexin did not elicit cytotoxic 
effect; however, treatment with 100 μM vitexin decreased 
the viability of C3H10T1/2 cells. Therefore, 10 μM vitexin 
was used in subsequent experiments.

Effect of vitexin on osteogenic differentiation 
of C3H10T1/2 cells via Smad phosphorylation

The effect of vitexin on mRNA expression of osteogenic 
genes (Dlx5 and Runx2) was determined by RT-PCR and 
Q-PCR. Vitexin significantly increased mRNA expres-
sion of Dlx5 and Runx2 (Fig. 2a, b). Moreover, vitexin 
increased phosphorylation of Smad-1/5/9 after 1 h and 
the maximal protein levels of Dlx5 and Runx2 at 4 h. The 
phosphorylation of Smad-2/3 increased from 1 h, whereas 
Smad-4 increased at 6 h and Smad6/7 was not expressed 
(Fig. 2c). Moreover, ALP staining revealed that treatment 
with vitexin for 8 days significantly increased the activity 
of ALP (Fig. 2d). Furthermore, the induction of osteogenic 
gene by vitexin showed an additional effect when treated 
with BMP2 (Fig. 2e, f). These results indicate that vitexin 
induces osteogenic differentiation of C3H10T1/2 cells.

Effect of vitexin on osteogenic differentiation 
of MC3T3‑E1 cells via Smad phosphorylation

Vitexin significantly increased mRNA expression of Dlx5 
and Runx2 in MC3T3-E1 cells (Fig. 3a, b). In addition, 

Fig. 1  Effect of vitexin on the 
viability of C3H10T1/2 cells. a 
Chemical structure of vitexin. b 
C3H10T1/2 cells were treated 
with vitexin for 4 days, and then 
their viability was measured 
by the MTT assay. Data are the 
mean ± SEM of three individual 
experiments (*p < 0.05 com-
pared with untreated control 
cells)
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vitexin also increased phosphorylation of Smad-1/5/9 
after 1 h and the protein levels of Dlx5 and Runx2 were 
increased. The phosphorylation of Smad-2/3 decreased, 
whereas Smad-4 increased and Smad6/7 was decreased 
(Fig. 3c). Moreover, ALP staining revealed that treatment 
with vitexin significantly increased the activity of ALP 

(Fig. 3d). Furthermore, the vitexin-induced osteogenic 
gene expression showed an additional effect when treated 
with BMP2 in MC3T3-E1 cells (Fig. 3e, f). These results 
indicate that vitexin induces osteogenic differentiation of 
MC3T3-E1 cells.

Fig. 2  Vitexin induces osteogenic differentiation of C3H10T1/2 cells. 
(a and b) C3H10T1/2 cells were treated with 10 μM vitexin for 0–6 h 
harvested. mRNA expression of osteogenic marker genes was meas-
ured by RT-PCR (a) and real-time PCR (b). c C3H10T1/2 cells were 
treated with vitexin for 0–6 h, and then the levels of osteogenic pro-
teins were determined by western blotting. d C3H10T1/2 cells were 

treated with vitexin for 8 days and then ALP staining was performed 
to determine ALP activity. e and f C3H10T1/2 cells were treated with 
250 ng/ml BMP2 and/or 10 μM vitexin. mRNA expression and pro-
tein level of osteogenic marker genes was measured by RT-PCR (e) 
western blot analysis (f). (*p < 0.05, and **p < 0.01 compared to the 
untreated control)
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The Knockdown of Runx2 attenuates the effects 
of vitexin

We confirmed whether vitexin directly regulates Runx2 
promoter activity. Vitexin increased Runx2 P1-luciferase 
activity in both C3H10T1/2 and MC3T3-E1 cells (Fig. 4a, 
d). And then, we knocked down Runx2 expression in 

C3H10T1/2 and MC3T3-E1 cells using siRunx2 respec-
tively. We confirmed that siRunx2 depleted mRNA levels 
of Runx2 and ALP (Fig. 4b, e). In addition, Knockdown 
of Runx2 markedly reduced ALP staining in vitexin-treated 
cells (Fig. 4c, f). Taken together, these results demonstrate 
that vitexin induces osteogenic differentiation through 
Runx2.

Fig. 3  Vitexin induces osteogenic differentiation of MC3T3-E1 cells. 
a and b MC3T3-E1 cells were treated with 10 μM vitexin for 0–6 h 
harvested. mRNA expression of osteogenic marker genes was meas-
ured by RT-PCR (a) and real-time PCR (b). c MC3T3-E1 cells were 
treated with vitexin for 0–6 h, and then the levels of osteogenic pro-
teins were determined by western blotting. (d) MC3T3-E1 cells were 

treated with vitexin for 8 days and then ALP staining was performed 
to determine ALP activity. e and f MC3T3-e1 cells were treated with 
250 ng/mL BMP2 and/or 10 μM vitexin. mRNA expression and pro-
tein level of osteogenic marker genes was measured by RT-PCR (e) 
western blot analysis (f). (*p < 0.05, and **p < 0.01 compared to the 
untreated control)
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Effect of vitexin on primary mouse calvarial cells 
and bone marrow stromal cells

To examine whether vitexin regulates osteoblast differen-
tiation in primary calvarial osteoblasts and bone marrow 
stromal cells, cells were cultured with 10 μM vitexin for 0, 
1, 2, 4, and 6 h. Western blot analysis showed that vitexin 
significantly increased the Dlx5 levels at 4 h (Fig. 5a). 
To confirm the stimulation of ALP activity by Vitexin 
further, cells were treated with 10 μM vitexin for 8 days. 

Vitexin markedly increased ALP activity (Fig. 5b). Fur-
thermore, Runx2 silencing also reduced vitexin-induced 
ALP activity in primary mouse calvarial cells (Fig. 5c). 
In bone marrow stromal cells (BMSCs), vitexin increased 
the Dlx5 protein levels at 2 and 4 h (Fig. 5d). ALP stain-
ing results showed that vitexin increased ALP activity and 
Runx2 silencing decreased vitexin-induced ALP activ-
ity in BMSCs (Fig. 5e, f). Taken together, these results 
suggest that vitexin induce osteoblast differentiation on 
ex vivo such as in vitro.

Fig. 4  The knockdown of Runx2 attenuates the effects of vitexin on 
osteoblast differentiation. a and d C3H10T1/2 and MC3T3-E1 cells 
were transfected with Runx2 P1-luciferase (0.4 μg) and then treated 
with vitexin (+; 10  μM) Relative luciferase activity was measured. 
b and e C3H10T1/2 and MC3T3-E1 cells were transfected with 
siRunx2 (1), (2), or (3) for 6  h and then treated with vitexin (+; 
10 μM) for 4 h. Total RNA was harvested, and the expression of oste-

ogenic genes was assessed by real-time PCR. c and f C3H10T1/2 and 
MC3T3-E1 cells were transfected with siRunx2 (1), (2), or (3) for 6 h 
and then incubated in the absence or presence of vitexin for 8 days. 
The graph has shown using ImageJ. Data are the mean ± SEM of 
three individual experiments (*p < 0.05, and **p < 0.01 compared to 
the untreated control, #p < 0.05, ##p < 0.01, and ###p < 0.005 compared 
with the vitexin treated group)
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Discussion

The balance between osteoclasts and osteoblasts is very 
important. Anim this balance in the actions of these cells 
typically causes osteoporosis and bone diseases [2, 3]. 
Phosphorylation of Smad-1/5/8/9 and increased expression 
of Runx2 and ALP induce differentiation of osteoblasts, 
which are involved in bone formation [19–21]. The current 
study demonstrated that vitexin positively regulates osteo-
blast differentiation by increasing expression of Runx2 and 

phosphorylation-Smad (Fig. 2). In addition, a recent study 
reported that vitexin inhibits the effects of osteolysis induced 
by RANKL-induced osteoclastogenesis and inflammation, 
thereby strengthening bones [17]. Our results were in agree-
ment with this previous report (Fig. 6).

Cell survival and proliferation must be maintained as 
osteoblast differentiation progresses because osteoblasts 
migrate to the bone surface and proliferate prior to bone for-
mation [22]. The MTT assay confirmed that treatment with 
vitexin at concentrations of up to 50 μM did not reduce the 

Fig. 5  Effect of vitexin on osteogenic differentiation of primary 
mouse calvarial cells and BMSCs. a Primary calvarial osteoblasts 
were determined by western blotting after treated with vitexin for 
0–6 h. b ALP protein expression in primary calvarial cells cultured 
with vitexin (10 μM) for 8 days (lower panel) and densitometry analy-
sis was performed by the ImageJ program (upper panel). c In primary 
cells, ALP staining in transfected with siRunx2 (1), (2), or (3) for 6 h 
and then incubated in the absence or presence of vitexin for 8 days 
was measured. d Primary BMSCs were determined by western blot-
ting after treated with vitexin for 0–6  h. e ALP protein expression 

in primary BMSCs cultured with vitexin (10 μM) for 8 days (lower 
panel) and densitometry analysis was performed by the ImageJ pro-
gram (upper panel). f In primary BMSCs, ALP staining in transfected 
with siRunx2 (1), (2), or (3) for 6 h and then incubated in the absence 
or presence of vitexin for 8 days was measured. The graph has shown 
using ImageJ. Data are the mean ± SEM of three individual experi-
ments (**p < 0.01, and ***p < 0.005 compared to the untreated con-
trol, #p < 0.05, ##p < 0.01, and ###p < 0.005 compared with the vitexin 
treated group)
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viability of C3H10T1/2 cells. A previous study also reported 
that treatment with vitexin at concentrations of up to 50 μM 
dose did not elicit cytotoxic effect on osteoblasts [17]. 
Therefore, we treated cells with 10 μM vitexin to ensure 
that they survived (Fig. 1b). Expression of specific marker 
genes increases during osteoblast differentiation. We showed 
that treatment with 10 μM vitexin increased expression of 
osteoblast differentiation marker genes (Fig. 2a, b).

In conclusion, we demonstrated that vitexin enhances 
osteoblast differentiation via phosphorylation of Smad1/5/9 
and expression of Runx2 at invitro and ex vivo. This study 
provides evidence that vitexin can be used as a bone-mod-
ifying agent.
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