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Abstract: Hypertension is a prevalent systemic disease in the elderly, who can suffer from several pathological skeletal
conditions simultaneously, including osteoporosis. Benidipine (BD), which is widely used to treat hypertension, has been
proved to have a beneficial effect on bone metabolism. In order to confirm the osteogenic effects of BD, we investigated its
osteogenic function using mouse MC3T3-E1 preosteoblast cells in vitro. The proliferative ability of MC3T3-E1 cells was
significantly associated with the concentration of BD, as measured by methylthiazolyldiphenyl-tetrazolium bromide (MTT)
assay and cell cycle assay. With BD treatment, the osteogenic differentiation and maturation of MC3T3-E1 cells were increased,
as established by the alkaline phosphatase (ALP) activity test, matrix mineralized nodules formation, osteogenic genetic test,
and protein expression analyses. Moreover, our data showed that the BMP2/Smad pathway could be the partial mechanism for
the promotion of osteogenesis by BD, while BD might suppress the possible function of osteoclasts through the OPG/RANKL/
RANK (receptor activator of nuclear factor-κB (NF-κB)) pathway. The hypothesis that BD bears a considerable potential in
further research on its dual therapeutic effect on hypertensive patients with poor skeletal conditions was proved within the
limitations of the present study.
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1 Introduction

Hypertension continues to be a severe health
problem among aged individuals (Wang et al., 2018),
who are also prone to certain bone-related pathological
conditions. A high number of partially or totally eden‐
tulous old adults present alveolar bone deficiency
when undergoing dental implant treatment, and hence
need alveolar bone augmentation. Hip fractures and
osteoporosis are also common illnesses impacting a
considerable proportion of the aged population, which
feature bone loss and compromised skeletal health
conditions (Chen et al., 2016, 2019; Cui et al., 2019). All
of these illnesses require enhanced osteogenesis to im‐
prove local or systemic bone formation. Hypertension

has been demonstrated to be related to bone mass ab‐
normalities, lower regional bone mineral content and
density with some relevant etiological factors in‐
volved (Metz et al., 1999; Larijani et al., 2004). There‐
fore, it has been long suggested that antihypertensive
drugs may be useful to promote osteogenesis and
modulate bone health at the same time. Several types
of antihypertensive medication, including loop diuretics,
β-blockers, and angiotensin-converting enzyme in‐
hibitors, have been evaluated on their effects on bone
metabolism. Nevertheless, their usefulness remains
mostly controversial and inconclusive with some ad‐
verse complications and high cost (Lynn et al., 2006;
Lim et al., 2009; Yang et al., 2012; Ilić et al., 2013;
Ghosh and Majumdar, 2014).

Benidipine (BD) is a type of second generation
dihydropyridine calcium channel blocker, which can
block L-type, N-type, and T-type calcium channels in
different kinds of cells. Because of its long-acting re‐
laxant effect on vascular smooth muscle, low cost,
and acceptable complications, it is widely used in the
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treatment of hypertension and vasospastic angina pec‐
toris (Suzuki et al., 2007; Kosaka et al., 2010; Inayoshi
et al., 2011; Xue et al., 2017). On account of its dual
effect on calcium ion transportation and hypertension,
BD is expected to be a favorable medication for hy‐
pertensive patients with the above bone-related condi‐
tions. Some previous studies have suggested that BD
exerts a certain effect on osteoblast differentiation and
function (Nishiya and Sugimoto, 2001; Nishiya et al.,
2002; Shimizu et al., 2012; Wang et al., 2014; Ma
et al., 2015). BD was found to promote the process of
alkaline phosphatase (ALP) expression in human os‐
teoblasts in vitro, which is an essential physiological
process of osteogenic differentiation and bone formation
(Shimizu et al., 2012). The expression of some proteins
vital for osteoblast differentiation and function, including
osteocalcin (OCN) and Runt-related transcription factor
2 (RUNX2), was upregulated by BD in mice bone
marrow stromal cells (BMSCs) (Ma et al., 2015). The
possible mechanism and related pathway connecting
BD with bone metabolism, however, have neither
been addressed nor elucidated.

In the present study, the MC3T3-E1 cell lineage
was chosen as the subject to analyze the mechanism
of osteocyte proliferation and differentiation in
response to BD. After osteogenic induction, osteogenic
representative gene and protein expression was
measured with or without BD treatment. Our aim was
to investigate the effects of BD of various concentrations
on preosteoblast proliferation, differentiation, and
mineralization in vitro, and to preliminarily discuss
the potential contributing mechanisms. This work
provides some insights into the potential further appli‐
cation of BD in promoting osteogenesis and thereby
improving skeletal disorders in hypertensive patients.

2 Materials and methods

2.1 BD preparation

A solution of BD was prepared by dissolving
solid BD hydrochloride (molecular weight: 542.03 g/mol;
Kyowa Hakko Kogyo, Japan) in dimethyl sulfoxide
(DMSO) solvent (Sigma-Aldrich, USA). The stock
solution was stored at −20 °C. Based on a previous
study (Wang et al., 2014), the experimental final BD
concentrations were set at 0.01, 0.10, and 1.00 μmol/L

due to the anticipated promotion of osteogenesis
in vitro and limited cytotoxicity of such levels.

2.2 Cell culture

MC3T3-E1 cells (American Type Culture Col‐
lection, USA) were meticulously thawed and cultured
in minimum essential medium α (MEM α; Gibco,
USA) with 10% fetal bovine serum (FBS; Gibco) con‐
taining 100 U/mL streptomycin/penicillin (Sigma-
Aldrich) in a humidified incubator at 37 °C with 5%
CO2. The cell culture medium was replaced every
three days and cells were passaged when cell density
reached 80% with 0.25% trypsin (Sigma-Aldrich).

2.3 Cell proliferation assays

The cultured MC3T3-E1 cells were seeded in 96-
well plates (5×103 cells/well) and incubated for 12 h.
Next, BD solution was added at final concentrations
of 0.01, 0.10, and 1.00 μmol/L. Cells without BD
treatment were set as negative control, while wells
without cells were set as blank. Following 48 h of BD
treatment, 20 μL 5.0 mg/mL methylthiazolyldiphenyl-
tetrazolium bromide (MTT; Sigma-Aldrich) was added
to each well, and wells were incubated for further 4 h
at 37 °C. The supernatant was removed and 150 μL
DMSO was added. Subsequently, absorbance was
measured by optical density (OD) at 490 nm. The cell
proliferation rate (PR) was calculated by the following
formula: PR=(ODsample–ODblank)/(ODcontrol–ODblank)×100%,
where ODsample, ODblank, and ODcontrol are the ODs of
sample, blank, and negative control, respectively.

A cell density of 1×109 L−1 was set for a second se‐
ries of cells subjected to BD treatment for 48 h following
the same protocol, 70% ethanol (0 °C; Beijing Chemical
Works, China) was added, and cells were incubated at
4 °C for 12 h. Following centrifugation and the re‐
moval of supernatant, cells were stained with propidium
iodide (PI)/RNase buffer (Sigma-Aldrich) for 15 min
and fluorescence was measured using a flow cytometer.

2.4 Alkaline phosphatase activity assay

The following type of conventional osteogenic in‐
duction medium was used for the ALP assay: MEM α
with 10% FBS containing osteogenic induction supple‐
ment (50 μg/mL ascorbic acid, 100 nmol/L dexameth‐
asone, and 10 mmol/L disodium β-glycerophosphate;
Sigma-Aldrich). MC3T3-E1 cells were seeded in
24-well plates (2×104 cells/well) and incubated in the
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osteogenic induction medium for 3 d. Subsequently, a
series of BD dilutions (with final concentrations of
0.01, 0.10, and 1.00 μmol/L) were added to the osteo‐
genic induction medium for further incubation, while
cells without BD treatment were set as control. Cells
at 7, 10, and 14 d after the addition of BD were har‐
vested for assay. The ALP activity and the protein
content of cells were determined using an ALP detec‐
tion kit and a bicinchoninic acid (BCA) protein assay
kit (Nanjing Jiancheng Bioengineering Institute, China).
All results were normalized to protein content.

2.5 Matrix mineralization assay

Cells from the same MC3T3-E1 line were seeded
in 24-well plates (2×104 cells/well) and incubated in
the osteogenic induction medium as described above
for 3 d. Next, a series of BD dilutions (with final
concentrations of 0.01, 0.10, and 1.00 μmol/L) were
added to the medium for further incubation for 21 d,
while cells without BD treatment were set as control.
In order to visualize the matrix mineralization, cells
were washed three times with phosphate-buffered
saline (PBS; Gibco) and fixed in 95% ethanol for
30 min at room temperature. Fixed cells were washed
twice with PBS and stained with 1% alizarin red S
(ARS, pH=4.2; Sigma-Aldrich) for 30 min at room
temperature. Any excess ARS was washed away with
distilled water, and the cells were temporarily incubated
in PBS. After inspection and imaging, the mineralized
matrix was treated with 10% cetylpyridinium chloride
(Sigma-Aldrich) for 10 min at room temperature, and
quantitative analysis was performed by reading OD
values at 570 nm.

2.6 qRT-PCR

For this assay, MC3T3-E1 cells were seeded in
6-well plates (1×105 cells/well). Following osteogenic
incubation for 3 d, cells were treated with BD for 7 d

with the same formula and the control group setting
as described for previous assays. Total RNA was ex‐
tracted using TRIzol reagent (Invitrogen Life Technol‐
ogies, USA). Subsequently, complementary DNA
(cDNA) was produced from 1 μg total RNA using a
PrimeScript RT Reagent kit (TaKaRa, Japan). The
qualitative reverse-transcription polymerase chain re‐
action (qRT-PCR) process was performed using a
SYBR Green Master Mix kit (TaKaRa) in a CFX384
Touch real-time PCR detection system (Bio-Rad, USA).
The primers used in qRT-PCR protocol are presented
in Table 1.

2.7 Western blot analysis

According to the same method as above, MC3T3-
E1 cells were seeded in six-well plates (1×105 cells/well)
for incubation in osteogenic induction medium for 3 d
and additional BD treatment for 7 d. Cells were then
collected and subjected to total protein extraction. The
obtained proteins were separated on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
column and transferred onto a polyvinylidene fluoride
(PVDF) membrane (Pfizer, USA). Subsequently, the
membrane was blocked in 5% bovine serum albumin
(BSA) at room temperature for 2 h, and incubated
overnight at 4 °C with the primary antibodies (1:1000
dilutions (volume ratio); Bioss Antibodies, China) in‐
cluding rabbit anti-OPG and rabbit anti-RANKL, while
glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
Sigma-Aldrich) was set as internal control. Following
washing in Tris-buffered saline with 0.05% Tween 20
(TBST solution; Sigma-Aldrich), the blots were incu‐
bated at room temperature for 1 h with goat anti-rabbit
immunoglobulin G (IgG; BOSTER Biological Tech‐
nology, China) conjugated with horseradish peroxidase
as the secondary antibody (1:3000 dilution (volume
ratio)). After visualization with an enhanced luminol-
based chemiluminescent kit (Thermo Fisher Scientic,

Table 1 Primer sequences used in qRT-PCR

Gene
Bmp2

Runx2

Ocn

Opg

Rankl

GAPDH

Forward sequence (5'→3')
TGGCCCATTTAGAGGAGAACC

TTCTCCAACCCACGAATGCAC

GAACAGACTCCGGCGCTA

AAAGCACCCTGTAGAAAACA

TATGATGGAAGGCTCATGGT

GACTTCAACAGCAACTCCCAC

Reverse sequence (5'→3')
AGGCATGATAGCCCGGAGG

CAGGTACGTGTGGTAGTGAGT

AGGGAGGATCAAGTCCCG

CCGTTTTATCCTCTCTACACTC

TGTCCTGAACTTTGAAAGCC

TCCACCACCCTGTTGCTGTA

qRT-PCR: qualitative reverse-transcription polymerase chain reaction; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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USA), the bands were scanned and imagined using the
ChemiDoc™ XRS+ system (Bio-Rad).

Following incubation for 3 d to induce osteogene‐
sis, a series of cells were continuously incubated in osteo‐
genic induction medium containing BD (1.00 μmol/L)
and a selective inhibitor of bone morphogenetic pro‐
tein (BMP) type Ⅰ receptor (LDN-193189, 0.10 μmol/L;
Celleck Chemicals, USA) for 7 d (BD+LDN group).
Meanwhile, groups of cells with BD treatment alone
(BD group), LDN-193189 treatment alone (LDN
group), and without either (control) were set for com‐
parisons. Finally, all cells were collected and subjected
to western blot (WB) analysis with rabbit anti-P-
Samd5 (1: 1000 dilution (volume ratio); Bioss Anti‐
bodies) as the primary antibody.

2.8 Statistical analysis

All statistical analyses were performed using
SPSS 17.0 (SPSS Inc., Chicago, IL, USA). One-way
analysis of variance (ANOVA) was carried out to detect
any significant difference among the groups overall.
The Dunnett test was used for further comparisons
between each subgroup of experimental group and the
control group, while the Tukey test was accepted for
comparisons among subgroups of the experimental
group. The P-values in both multiple comparisons
were adjusted to control level I error. The control
group and each subgroup of the experimental group
included three independent parallel samples and all
results were presented as mean±standard deviation
(SD), while P<0.05 was considered the threshold for
declaring statistical significance.

3 Results

3.1 Effect of BD on cell proliferation

3.1.1 MTT assay

An overall promotion of MC3T3-E1 cell prolif‐
eration by BD was observed. Compared with the con‐
trol group, BD treatment for 48 h at concentrations of
0.01, 0.10, and 1.00 μmol/L promoted the prolifera‐
tion of cells in a dose-dependent manner, with signifi‐
cant differences (P<0.001 for 0.01 μmol/L group, and
P<0.0001 for 0.10 and 1.00 μmol/L groups; Fig. 1a).
When compared with the 0.01 μmol/L group, the 0.10
and 1.00 μmol/L groups presented a greater promotion

of cell proliferation (P<0.01), with no significant
difference observed between the latter two groups.

3.1.2 Cell cycle assay

Figs. 1b and 1c reveal the effect of BD on cell
cycle after 48-h treatment. The proportion of cells in
the G1 phase in test groups decreased in comparison
with the control group, with significant differences ob‐
served at concentrations of 0.10 μmol/L (P<0.05) and
1.00 μmol/L (P<0.01). In terms of cells in the S
phase, the experimental groups showed higher per‐
centages as the control group, with significant differ‐
ences at concentrations of 0.10 μmol/L (P<0.05) and
1.00 μmol/L (P<0.01). In addition, the proportion of
cells in the G2/M phase in the 1.00 μmol/L treatment
group was significantly higher than that in the control
group (P<0.01). However, no significant differences
among all of above experimental groups were observed.
This result indicated that BD promoted the proliferation
of MC3T3-E1 cells in vitro.

3.2 Effect of BD on osteogenic differentiation

3.2.1 ALP assay

As demonstrated in Fig. 2a, BD generally pro‐
moted ALP activity in cells in a time-dependent
manner, which was noticeable in the 10- and 14-d
clusters. When compared with the control groups, the
experimental groups showed a significant improve‐
ment of ALP activity in cells upon 10- and 14-d BD
treatments, with the most pronounced effect observed
in the 0.01 μmol/L group. The concentration of BD
made a difference in the results. For the 10-d cluster
BD treatments, the ALP activity of cells in the
0.10 μmol/L group was significantly higher than that
in the 0.01 μmol/L group (P<0.05). Similarly, this
trend was noted in the 14-d cluster.

3.2.2 Matrix mineralization assay

Such as the results of the ALP activity assay
(Fig. 2b), quantitative analysis indicated that the 21-d
BD treatment significantly promoted the extracellular
matrix mineralization compared with the control group
at concentrations of 0.01 μmol/L (P<0.05), 0.10 μmol/L
(P<0.0001), and 1.00 μmol/L (P<0.001). The 0.10 and
1.00 μmol/L groups revealed significantly greater ma‐
trix mineralized nodule formation with significant
differences compared with the 0.01 μmol/L group
(P<0.001 for the 0.10 μmol/L group, and P<0.01 for the
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1.00 μmol/L group). Representative images of matrix
mineral nodules formed in the osteogenic-induced

MC3T3-E1 cells are shown in Fig. 2c, which correspond
with the quantitative results. The results of the ALP

Fig. 1 Effects of BD on the proliferation rate and cell cycle of MC3T3-E1 cells. The MTT assay (a) and cell cycle assay
(b, c) were performed to examine the proliferation of MC3T3-E1 cells after the addition of BD to the basic medium
and subsequent incubation for 48 h. (a) BD increased the proliferation rate of cells, especially at 0.10 and 1.00 μmol/L.
(b, c) BD decreased the ratio of cells in the G1 and G2/M phases and increased the ratio of cells in the S phase, especially
at 1.00 μmol/L. Data are expressed as mean±SD (n=3). * P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001 represent com‐
parisons with the control group; ## P<0.01 represents comparison between experimental groups. BD: benidipine; MTT:
methylthiazolyldiphenyl-tetrazolium bromide.
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activity assay and matrix mineralized assay indicated
that there was a promoting effect of BD on the osteo‐
genic function of MC3T3-E1 cells.

3.3 Effects of BD on gene and protein expression

3.3.1 Expression of certain crucial bone metabolism-
related genes and proteins

In order to assess the effect of BD on the osteo‐
genic differentiation and maturation of MC3T3-E1
cells, we examined the expression of Bmp2, Ocn,
Runx2, Opg, and Rankl genes and their relative pro‐
teins. As shown in Fig. 3a, after a 7-d BD treatment,
the expression levels of Bmp2, Ocn, and Runx2 were
noticeably upregulated. In terms of Bmp2, all test
groups had significantly higher expression levels
(P<0.01). Meanwhile, those of Ocn in experimental
groups were promoted by BD in a dose-dependent
manner, with significant differences compared with
the control group (P<0.05 for the 0.01 μmol/L group,
P<0.01 for the 0.10 μmol/L group, and P<0.01 for the

1.00 μmol/L group). The expression of Runx2 in test
groups was also significantly higher at BD concentra‐
tions of 0.01 μmol/L (P<0.01), 0.10 μmol/L (P<0.05),
and 1.00 μmol/L (P<0.01). Overall, no significant
differences were observed among the experimental
groups. On the other hand, as demonstrated in Fig. 3b,
BD strongly promoted the expression of Opg in all
test groups in a dose-dependent manner compared
with the control group (P<0.01). Furthermore, the ex‐
pression of Rankl showed an opposite trend with BD
treatment (P<0.01). The ratio of Opg/Rankl was
prominently higher in all test groups than in the control
group, and the most pronounced effect was observed
in the 1.00 μmol/L group when compared with the two
other groups (0.01 μmol/L group, P<0.001; 0.10 μmol/L
group, P<0.01). Consistently with the results of qRT-
PCR, the 7-d BD treatment with the same concentra‐
tions raised the expression of OPG proteins, while it
suppressed the expression of RANKL protein in a
concentration-dependent manner (Figs. 3c and 3d).

Fig. 2 Effects of BD on osteogenic differentiation and mineralization of osteogenic-induced MC3T3-E1 cells. The ALP
assay (a) and matrix mineralization assay (b, c) were performed to examine ALP activity and mineralization in MC3T3-E1
cells after the addition of BD to the osteogenic medium and subsequent incubation for 14 and 21 d, respectively. (a) BD
increased the level of ALP activity in osteogenic-induced MC3T3-E1 cells, especially at 10 and 14 d, with a pronounced
effect at 0.10 μmol/L. (b, c) BD promoted the formation of extracellular mineralized nodules, especially at 0.10 μmol/L.
Data are expressed as mean±SD (n=3). * P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001 represent comparisons with the
control group; # P<0.05, ## P<0.01, and ### P<0.001 represent comparisons between experimental groups. BD: benidipine;
ALP: alkaline phosphatase.
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Moreover, the quantitative WB analysis indicated that
BD at 1.00 μmol/L concentration showed the most
dominant effect on the expression of OPG and RANKL
(Fig. 3d).

3.3.2 BMP2/Smad pathway

The BMP2/Smad pathway plays an important
role in osteogenic differentiation and maturation,

where Smad5 acts as an essential intracellular factor.

Accordingly, the phosphorylation level of Smad5 in

cells was determined by the use of LDN-193189 to

address the possible mechanisms accounting for the
effect of BD on osteogenic-induced MC3T3-E1 cells.

The phosphorylation level of Smad5 was markedly
upregulated following 7-d BD treatment compared

with the blank control group (Fig. 3e). With the

Fig. 3 Effects of BD on the expression of some crucial genes and proteins in osteogenic-induced MC3T3-E1 cells. The qRT-
PCR (a, b) and WB (c, d) analyses were performed to examine the expression of Bmp2, Ocn, Runx2, Opg, Rankl genes and
partial relative proteins in MC3T3-E1 cells after the addition of BD to the osteogenic medium and subsequent 7-d
incubation. A further WB assay (e, f) was performed to examine the level of Smad5 phosphorylation (P-Smad5) in MC3T3-E1
cells following BD or LDN-193189 (LDN) addition to the osteogenic medium and subsequent 7-d incubation. (a) BD
increased the expression of Bmp2, Ocn, and Runx2. (b) BD increased the expression of Opg and the ratio of Opg/Rankl,
while it decreased the expression of Rankl with the most pronounced effect observed at 1.00 μmol/L. (c, d) BD increased the
expression of OPG, while it decreased the expression of RANKL, especially at 1.00 μmol/L. (e, f) BD increased the level of
Smad5 phosphorylation, while this promoting effect disappeared with the simultaneous use of LDN-193189. Data are expressed
as mean±SD (n=3). * P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001 represent comparisons with the control group; # P<0.05,
## P<0.01, and ### P<0.001 represent comparisons between experimental groups. BD: benidipine; qRT-PCR: qualitative
reverse transcription polymerase chain reaction; WB: western blot; LDN-193189: a selective inhibitor of bone
morphogenetic protein type Ⅰ receptor; Bmp2: bone morphogenetic protein 2; Ocn: osteocalcin; Runx2: Runt-related
transcription factor 2; Opg: osteo-protegerin; Rankl: receptor activator of nuclear factor-κB ligand.
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synchronous administration of LDN-193189, however,
the phosphorylation level of Smad5 in the BD+LDN
group became noticeably lower than that in the BD
group, which implied an oppressive effect of LDN-
193189 on the promotion of osteogenic processes by
BD. The quantitative WB analysis showed the effect
even more noticeably (Fig. 3f). This result might
indicate that, to some extent, BD affects the osteogenic
differentiation and maturation through the BMP2/
Smad pathway.

4 Discussion

High blood pressure and osteoporosis are prevalent
health problems of the elderly. Some hypertensive pa‐
tients also present other bone-related illnesses, including
encounter alveolar bone deficiency and fractures,
which need interventions to improve osteogenesis and
bone metabolism. Findings of previous studies are en‐
couraging in that BD has been suggested as an antihy‐
pertensive drug that could positively affect the bone
modeling and remodeling process (Nishiya and
Sugimoto, 2001; Nishiya et al., 2002; Shimizu et al.,
2012; Wang et al., 2014; Ma et al., 2015). Therefore,
an in vitro study was conducted herein with the aim
to investigate the effect of BD on bone metabolism
and its potential application in the treatment of hyper‐
tensive patients with compromised skeletal health
conditions.

The MC3T3-E1 cell lineage is a type of pre‐
osteoblast derived from newborn mouse calvaria with
high ALP activity and a potential to differentiate into
osteoblasts and mineralize in vitro (Sudo et al., 1983).
Acting as a stable cell line source in osteogenesis-
related research, MC3T3-E1 cells have been widely
used in relative in vitro studies (Ma et al., 2018; Liu
et al., 2019). In our previous report (Wang et al.,
2014), BD at concentrations of 10 and 100 μmol/L
was shown to exhibit distinct cytotoxicity to MC3T3-
E1 cells in vitro, while BD at low concentrations
(<0.001 μmol/L) result in the impaired promotion of
cell proliferation and osteogenic differentiation. Thus,
aiming to demonstrate the prospective osteogenic-
inducing effect, the final concentrations of BD were
set at 0.01, 0.10, and 1.00 μmol/L in this study. On
the other hand, in clinical use, the concentration of
BD in plasma was shown to reach its maximum of

around 3 ng/mL (5.5 μmol/L) in 2 h and dropped to
near 0.3 ng/mL (0.55 μmol/L) at 7 h following the
single oral administration of 8 mg BD to essential hy‐
pertensive patients. Interestingly, the anti-hypertensive
effect was sustained for almost 24 h, even if the plasma
concentration fell back to almost zero (Yao et al.,
2006). Considering that the recommended therapeutic
doses for mild and moderate hypertension are generally
2 and 4 mg, respectively, it was reasonable to set the
in vivo extracellular BD concentrations at 0.01, 0.10,
and 1.00 μmol/L compared to plasma concentrations.

The MTT assay and cell cycle assay demonstrated
that BD significantly promotes the proliferation of
MC3T3-E1 cells in a dose-dependent manner, thus
providing a foundation for further osteogenic differen‐
tiation (Gao and Liu, 2019). Following osteogenic in‐
duction by BD, higher ALP activity and matrix miner‐
alization in osteoblasts were observed in cells treated
with BD, especially at high concentrations (0.10 and
1.00 μmol/L). BD has been shown to promote ALP
activity and transcription, as well as matrix mineraliza‐
tion in MC3T3-E1 cells (Nishiya and Sugimoto,
2001; Nishiya et al., 2002). Through blocking L-type
calcium channels and subsequent Ca2+ influx into
cells, BD was suggested to promote ALP activity upon
ascorbic acid triggering extracellular collagen accu‐
mulation, which comprises the first vital events in
osteogenic differentiation (Nishiya and Sugimoto,
2001; Nishiya et al., 2002). The effective threshold
concentration of BD in vitro, however, was much
lower in these studies than in the present work, which
might be due to the different stages of cells influenced
to undergo osteogenic differentiation. Shimizu et al.
(2012) have also reported relative findings that BD
promoted ALP activity in the tibia of ovariectomized
spontaneous hypertensive rats, which also supported
the promoting effect of BD.

The Bmp2, Runx2, and Ocn genes, as essential
regulators of osteoblast-lineage cell differentiation,
skeletal development and homeostasis, play vital roles
in regulating the osteogenic differentiation and proper
function of osteoblasts (Ducy et al., 1999; Mundy
et al., 2001; Noël et al., 2004; Huang et al., 2010;
Higuchi et al., 2012; Neve et al., 2013; Wu et al., 2016;
Ma et al., 2019; Yu et al., 2020). In the present study,
qRT-PCR results showed the upregulated expression
of Bmp2, Runx2, and Ocn in osteogenic-induced pre‐
osteoblasts treated with BD, which was consistent
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with higher expression of BMP2, RUNX2, and OCN
by WB analysis, as reported in our previous study
(Wang et al., 2014). After BD treatment in vitro, mice
BMSCs presented higher expression of RUNX2 and
OCN on the protein level via immunofluorescence
analysis and immunostaining analysis (Ma et al.,
2015). Moreover, the same effect was demonstrated
in their study, which was also observed in an ovariec‐
tomized mouse model, indicating the possible applica‐
tion of BD in osteoporosis patients. Therefore, a gen‐
eral promoting effect of BD on the osteogenic differ‐
entiation and maturation preosteoblasts was proposed
in the present work, with 0.10 and 1.00 μmol/L con‐
sidered as preferable concentrations.

The WNT/β-catenin signaling pathway has been
reported as relevant in the promotion of mouse BMSC
osteogenesis by BD, with increased expression of
β-catenin and low-density lipoprotein receptor-related
protein 5 (LRP5) observed (Ma et al., 2015). Since
the higher expression of these two factors had been re‐
ported in a number of studies, we focused on a different
essential pathway, the BMP2/Smad signaling, which
had been proved to regulate osteoblast differentiation
and osteogenesis (Cao and Chen, 2005). In addition to
1.00 μmol/L BD, we added LDN-193189, a selective
inhibitor of BMP type Ⅰ receptor kinases, into the os‐
teogenic medium. In the subsequent WB analysis, an
upregulation of BMP2 expression level was observed
with a distinctly higher phosphorylation level of Smad5
after BD treatment, but this effect was suppressed and
blocked by LDN-193189. In osteogenic differentia‐
tion and bone formation, Smad5 is a crucial regulatory
factor in the BMP/Smad pathway (Lee et al., 2002).
Once BMPs have bound to the receptors, phospho-
Smad5 participates in the formation of intracellular
Smad complexes to induce and modulate targeted gene
expression, including Runx2 and Osterix (Afzal et al.,
2005). Hence, our results might indicate that the
BMP2/Smad pathway partially contributes to the pro‐
motion of osteogenesis by BD.

In addition to the direct effect of BD in
osteogenic-induced preosteoblasts, we also evaluated
the changes in Opg and Rankl expression and the
proteins thereof after BD treatment to investigate
whether BD had any other related effects. The OPG
and RANKL proteins, as crucial regulating factors in
bone remodeling, play important roles in the reaction
between osteoblasts and osteoclasts through the OPG/

RANKL/RANK (receptor activator of nuclear factor-
κB (NF- κB)) pathway (Sims and Gooi, 2008; Teti,
2011; Chen et al., 2018). The binding of RANKL to
RANK, which is highly expressed on the membrane
of many cells including osteoclast progenitors and
mature osteoclasts, activates the downstream signaling
pathways related to the growth and differentiation of
osteoclasts (Boyle et al., 2003; Sims and Gooi, 2008).
It has been demonstrated that OPG can act as a decay
receptor by binding to RANKL and preventing it
from binding to RANK (Boyle et al., 2003; Sims and
Gooi, 2008). The ratio of RANKL/OPG in human
osteoblasts markedly decreased after BD treatment
in vitro (Shimizu et al., 2012). In concert with
previous findings, the qRT-PCR results of our study
showed a remarkable upregulation of Opg expression
and a downregulation of Rankl, corresponding with
changes in the expression of OPG and RANKL by
WB analysis in a dose-dependent manner. While the
highest, statistically significant Opg/Rankl ratio was
detected in the 1.00 μmol/L group when compared
with the control and other groups, a relatively higher
BD concentration might be preferable in this regard,
which requires further investigation. Moreover, BD
was found to show no direct effect on osteoclast
differentiation, while a reduced number of differentiated
osteoclasts were identified in a co-culture environment
of both osteoblast and osteoclast lineage cells from
human bone marrow in vitro (Shimizu et al., 2012).
Therefore, it was indicated that BD might affect the
bone metabolism not only directly through promoting
the differentiation of preosteoblasts to boost bone
formation, but also indirectly via suppressing the
activity of osteoclasts to alleviate bone resorption.

5 Conclusions

In the present study, it was demonstrated that BD
promotes the proliferation, osteogenic differentiation
and maturation of mice preosteoblasts while suppressing
the potential function of osteoclast in vitro, with BMP/
Smad and OPG/RANKL/RANK being the possible
pathways. Therefore, BD might be a suitable candidate
for further research aiming to develop treatments for
hypertensive patients that require promoted osteogenesis,
such as for alveolar bone augmentation, fractures, and
osteoporosis. Considering the instability and limited

duration of action of pure BD in local applications, a
well-designed drug delivery system is required to
achieve the best potential of BD in promoting
osteogenesis. Further studies are also needed to
determine the dual effect of BD in a certain dose in
vivo, and to explore further molecular mechanisms of
how BD affects the bone metabolism.
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