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Abstract: Background: Hydroxyapatite nanocrystal (HN) deposition underlies the development of vascular calcifi-
cation, which is an actively regulated process resembling bone formation. This study investigated the role of HNs
in inducing osteogenic differentiation of primary human aortic smooth muscle cells (HASMCs). Methods: Primary
HASMCs were incubated with HNs, cell osteogenic differentiation was evaluated by von kossa staining and calcium
content. The expressions of SM-a-actin and bone markers, including runt-related transcription factor 2 (Runx2), os-
teopontin (OPN), osterix, and collagen 1 (COL1) were also determined. Antioxidants, ERK-specific inhibitor were used
to examine whether oxidative stress and the ERK pathway were required for this transition. Results: Stimulation of
HASMCs with HNs increased calcium deposition, expression of bone markers and decreased SM-a-actin expres-
sion. HNs produced reactive oxygen species (ROS) in HASMCs, as evaluated by fluorescent probe. Antioxidants
inhibited HN-induced osteogenic differentiation. Furthermore, the inhibitor of the ERK pathway, PD98059, sup-
pressed the effect of HNs on bone marker expression. Conclusions: These findings suggest that HNs stimulated
osteogenic differentiation of vascular smooth muscle cells that build biomineralized deposits partly by activating
oxidative stress and the ERK pathway.

Keywords: Hydroxyapatite nanocrystals, osteogenic differentiation, oxidative stress, the ERK pathway, primary
human aortic smooth muscle cells

Introduction tein-2 (BMP-2), osteopontin (OPN), osterix, and
collagen 1 (COL1) [5].

Cardiovascular disease (CVD) leads to increas-
ed morbidity and mortality in patients with
chronic kidney disease (CKD), and may in part
due to excess calcification of the vessel wall [1,
2]. Vascular calcification occurs at two sites,
the arterial intima and media. Calcification in
the arterial media, which is primarily composed
of vascular smooth muscle cells (VSMCs), is
prevalent in CKD patients [3]. In recent years,
vascular calcification has been considered to
be an active process that resembles the forma-
tion of bone-like tissues in blood vessels [4].
VSMCs participant in the calcification process

Vascular calcification manifests as calcium
phosphate deposits, which consist of hydroxy-
apatite in the primary mineralization phase, in
arteries of patients with CKD [6]. It has recently
been shown that hydroxyapatite nanocrystals
(HNs) stimulate osteogenic differentiation in
vitro [7]. Sage et al. [8], isolated deposits from
a high phosphorus (P) medium, identified the
deposits as hydroxyapatite varying in diameter
from 30 to 500 nm, and showed that these
nanocrystals caused an upregulation of BMP-2
and OPN. In our previous study [9], we also
reported that HNs (isolated from uremic serum)

and undergo osteogenic differentiation as evi-
denced by upregulation of the expression of
bone markers, such as runt-related transcrip-
tion factor 2 (Runx2), bone morphogenetic pro-

could induce osteogenic differentiation of VS-
MCs. However, the mechanism by which these
nanocrystals alter gene expression remains
unclear.
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Table 1. Specific primer sets

tured in the normal media were

Gene  Forward primer (5’-3’)

Reverse primer (5’-3")

named as the control group.

B-actin AAG GTG ACA GCAGTC GGT T TGT GTG GAC TTG GGA GAG G

Runx2 CCA ACC AGC CTT ACCAAAC TGC CTT TTC AGA GGA CCT AC

Cell viability assay

OPN GCC GAG GTGATAGTG TGG T GAT GTC AGG TCT GCG AAA CTT

Osterix GAT GGG GTATCT CTT GAT TA CAT AGG ACT TGA GGT TTC AC
COL1 GAC ATC CCA CCAATC ACCTG CGT CAT CGC ACAACACCT T

A CCK-8 kit (Dojindo, Kumamoto,
Japan) was used to detect cell

Increased oxidative stress and reactive oxygen
species (ROS) play an important role in the
pathogenesis of vascular calcification [10, 11].
Signaling of extracellular signal-regulated kina-
ses (ERK) is part of ROS downstream [12].
Previously, the ERK pathway was reported to
positively regulate bone development in vivo
through Runx2 activation [13], besides, it also
plays an essential role in differentiation of
mesenchymal stem cells (MSCs) to osteogenic
lineage [14-16]. In macrophages, HNs activate
ERK to release tumor necrosis factor [17]. It is
currently unknown whether HNs promote osteo-
genic differentiation of primary human aortic
smooth muscle cells (HASMCs) through oxida-
tive stress and the ERK pathway. We therefore
investigated the role of oxidative stress and the
ERK pathway in this transition.

Materials and methods
Reagents

Apocynin was purchased from Santa Cruz Bio-
technology (Dallas, TX, USA). Vitamins C and E
and 2',7’-dichlorofluorescin diacetate were pur-
chased from Sigma (St. Louis, MO, USA). Pri-
mary antibodies against SM-a-actin, Runx2,
OPN, and osterix were purchased from Abcam
(Cambridge, MA, USA), whereas primary anti-
bodies against p-ERK, ERK, and PD98059
were purchased from Cell Signaling Technology
(Beverly, MA, USA).

Culture of primary HASMCs and treatment

Primary HASMCs were obtained from ScienCell
(Carlsbad, CA, USA). Cells were cultured in ba-
sal media supplemented with 2% fetal bovine
serum, smooth muscle cell growth supplement,
and penicillin/streptomycin solution in 5% CO,
at 37°C. Passage numbers 3 to 8 were used for
experiments. To induce differentiation of HAS-
MCs, HNs (Sigma, average size <200 nm) were
added to media to reach final concentrations of
25, 50, or 100 pg/ml for 3 or 5 days. Cells cul-
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proliferation and viability rates.
Briefly, primary HASMCs were
seeded in 96-well plates (5000 cells/well) and,
after an initial 24 h, the normal media were
switched to HN media at concentrations of 25,
50, or 100 pg/ml for 3 or 5 days. Next, a 10-uL
volume of CCK-8 solution was added, and the
mixture was incubated for 3 h. The optical den-
sity at 450 nm was also measured.

Calcium deposition in cells

Calcification was visualized using a von Kossa
staining kit (Genmed, Plymouth, MN, USA). In
addition, calcification was quantified by wash-
ing cells with phosphate-buffered saline (PBS),
decalcifying the cells with 0.60 M HCI for 24
h, and then measuring the calcium content of
HCI supernatants using a calcium colorimetric
assay kit (Biovision, Milpitas, CA, USA). After
decalcification, a BCA kit (Beyotime, Guang-
zhou, China) was used to measure the protein
content, and the amount of calcium was nor-
malized to total protein content.

Real-time polymerase chain reaction (PCR)

RNA of primary HASMCs was extracted by TRI-
ZOL (Invitrogen, Carlsbad, CA, USA) and con-
verted into cDNA using a reverse transcription
kit (Promega, Madison, WI, USA). Primers for
Runx2, OPN, osterix, and COL1 are shown in
Table 1. PCRs were performed in the ABI ViiA7
system in a volume of 20 pL using the following
parameters: 5 min of Taq activation at 95°F,
followed by 40 cycles of PCR at 95°F, 15 s and
60°F 30 s. Relative mRNA quantity was calcul-
ated.

Immunofluorescence staining

Primary HASMCs were first washed in PBS and
fixed with 4% formaldehyde. Subsequently, the
cells were permeabilized with 0.2% Triton X-100
and blocked with 5% BSA. Next, the cells were
incubated with primary antibodies (SM-a-actin,
1:100; Runx2, 1:100; OPN 1:200) at 4°C over-
night followed by recognition with FITC (fluores-
cein isothiocyanate)-labeled secondary anti-
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Figure 1. HNs promoted HASMC
calcification. A: Effects of HNs on
the viability of HASMCs. Cells were
exposed to 25, 50, or 100 pg/mi
HN for 3 or 5 days. *P<0.05 vs.
control. B: Von Kossa staining of
HASMCs treated with 50 pg/ml
HNs for 3 or 5 days. Magnification
x200. C: Calcium content with

bodies for 30 min in the dark. After incubation
with 4’,6-diamidino-2-phenylindole (DAPI), spe-
cimens were observed under a confocal scan-
ning microscope (Leica TCS SP5). Fluorescence
density was quantitatively analyzed using
Image J software.

Western blot

Cell protein was extracted using lysis buffer
supplement with protease and phosphatase
inhibitor (Beyotime). The protein concentration
was quantified by the BCA protein assay meth-
od. An amount of 20 ug of protein was sepa-
rated by SDS-PAGE and transferred to poly-
vinylidene fluoride (PVDF) membranes. The
membranes were incubated with primary anti-
bodies at 4°C overnight followed by recognition
with horseradish peroxidase (HRP)-conjugated
secondary antibodies for 1 h. Signals were visu-
alized with an enhanced chemiluminescence
(ECL) reagent (Cell Signaling Technology), and
protein expressions were analyzed by blot den-
sities using gelpro32 imaging.

Detection of ROS

Fluorescence intensity of dichlorofluorescein
diacetate (DCF-DA), a ROS probe, was analyzed.
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Cells were incubated with either 50 yg/ml HNs
for 3, 6, 12, 24, 36, and 48 h, or 50 pug/ml HNs
for 24 h in the presence of antioxidants (e.g.,
50 umol/I apocynin or 200 pmol/I vitamin C
plus 30 ymol/ml vitamin E) and then loaded
using a 10-umol/I probe at 37°C for 30 min.
Fluorescence intensity was measured using
ipwin 32 software. Antioxidant concentrations
were chosen according to previous studies [18,
19].

ERK pathway in HN-induced osteogenic differ-
entiation

Primary HASMCs were treated with 50 pg/ml
HNs for 0, 15, 30, and 60 min, and then phos-
pho-ERK1/2 was examined by western blot. We
further investigated the role of the ERK path-
way in HN-induced differentiation by pretreat-
ing HASMCs with 50 umol/I PD98059, a potent
ERK inhibitor, for 1 h and then incubating the
cells with HNs for 5 days. Expressions of Runx2
and osterix were assessed following the incu-
bation. To determine whether ROS participated
in the mechanism of HN-induced osteogenic
differentiation, we treated HASMCs with 50 ug/
ml HNs in the presence or absence of an-
tioxidants for 60 min and then determined
phospho-ERK1/2.

Int J Clin Exp Pathol 2017;10(7):7726-7733
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Determination of COL1 in media by enzyme-
linked immunosorbent assay (ELISA)

Cells were cultured with 50 ug/ml HNs in the
presence or absence of 50 umol/I PD98059 or
antioxidants for 5 days. Cell culture superna-
tants were harvested for measuring protein
concentration. All the processes were followed
according to the protocol of the Human Type |
Collagen Detection Kit (Chondrex, Redmond,
WA, USA). The absorbance was measured at
450 nm on a microplate reader, and COL1 con-
tent was recorded as per protein in the super-
natants (ng/mil).

Statistics

Data were from at least three experiments and
expressed as mean = SD. The t test was used
to analyze difference between two groups. An
ANOVA followed by a Student-Newman-Keuls
test was also used to compare the groups.
P<0.05 was considered significant with SAS
software.

Results
HNs promoted primary HASMC calcification

The CCK-8 assay results indicate that the
effects of HNs on the viability of HASMCs we-
re time- and concentration-dependent. When
cells were treated with 50 ug/ml HNs for 3 or 5
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Figure 2. HNs stimulated HASMC differentiation. A:
Relative mRNA expression of Runx2, OPN, osterix,
and COL1 normalized to B-actin. *P<0.01 vs. con-
trol. B: Immunofluorescence staining for SM-a-actin,
Runx2, and OPN. The nuclei stained with DAPI are
shown in blue. C: Positive rate of SM-a-actin, Runx2,
OPN. *P<0.05 vs. control.
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days, cell viability decreased to 81.4% and
76.1%, respectively, of that in the control
group (Figure 1A). After being exposed to 50
pug/ml HNs for 3 or 5 days, HASMCs showed
visible calcified nodules as indicated by von
Kossa staining. Calcification was much more
intense after 5 days compared with 3 days of
HN treatment. There were no visible calcified
nodules in the control group (Figure 1B). Cal-
cium content assay results showed that calci-
um was present at 3 days (59.02 + 5.13 yg/mg
protein) and 5 days (83.34 + 9.73 ug/mg pro-
tein) in HN-treated cells. Little calcium was
detected in controls (Figure 1C).

HNs induced osteogenic differentiation in pri-
mary HASMCs

Real-time PCR results revealed that the mRNA
expression of bone markers, including Runx2,
OPN, osterix, and COL1, significantly increased
after exposure to 50 yg/ml HNs for 5 days com-
pared with control (Figure 2A). Protein expres-
sion was further detected using immunofluo-
rescence (Figure 2B, 2C). HASMCs in the nor-
mal media expressed the characteristic smooth
muscle marker SM-a-actin, without expression
of Runx2 or OPN. When cultured in HN media,
cells developed higher levels of Runx2 and OPN
and lower levels of SM-a-actin. All these results
suggest that HASMCs experienced osteogenic
differentiation when treated with HNs.

Int J Clin Exp Pathol 2017;10(7):7726-7733
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Figure 3. ROS regulated HN-induced transition. A: Time course of HN-induced ROS. B: ROS production detected by
DCF-DA. Images (a-d) showing control, HNs, HNs + apocynin, and HNs + vitamin C plus vitamin E, respectively at 24
h (x200). C: Fluorescence intensity of aforementioned four groups. *P<0.05 vs. HN group. D: Effect of antioxidants
on HN-induced expression of Runx2 and osterix determined by western blot. E: Changes of COL1 in cell culture su-
pernatants after supplement with antioxidants. **P<0.05 vs. HN group.

ROS production in HN-induced osteogenic dif-
ferentiation

To determine the effect of ROS in HN-induced
osteogenic differentiation in HASMCs, we first
observed that HNs increased ROS production
over a period of 48 h (Figure 3A). Twenty-four
hours of treatment with antioxidants markedly
inhibited HN-induced ROS (Figure 3B, 3C).
Moreover, western blot analysis revealed that
the expression of Runx2 and osterix induced
by HNs was decreased by apocynin (0.436 +
0.001vs. 1.575 + 0.005 and 0.109 + 0.001 vs.
0.492 + 0.003, respectively; *P<0.05) and vita-
min C plus vitamin E (0.373 £ 0.003 vs. 1.575
+ 0.005 and 0.104 + 0.004 vs. 0.492 + 0.003,
respectively; *P<0.05) (Figure 3D). In accord
with the data of the western blot analysis,
ELISA results indicated that apocynin or vita-
min C plus vitamin E also decreased the expr-
ession of COL1 (0.688 + 0.050 vs. 0.869 +
0.032 ng/ml and 0.630 % 0.055 vs. 0.869 +
0.032 ng/ml, respectively; *P<0.05) induced
by HNs (Figure 3E).

ERK pathway mediated HN-induced osteogen-
ic differentiation

As shown in Figure 4A, HNs activated phospho-
ERK1/2 in primary HASMCs. To further evalu-
ate if ERK signaling mediated the HN-induced
osteogenic differentiation, we tested the effect
of ERK-specific inhibitor PD98059 on HN induc-
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tion of bone marker expression. The results
show that 50 pmol/L of PD98059 decreased
the expression of Runx2 and osterix (0.367 +
0.013 vs. 1.512 + 0.056 and 0.114 + 0.006
vs. 0.476 + 0.022, respectively; *P<0.05) and
COL1 (0.658 + 0.050 vs. 0.869 + 0.032 ng/ml,
respectively; *P<0.05) induced by HNs (Figure
4B, 4C). In addition, HASMCs showed phos-
phorylation of ERK1/2 at 60 min after 50 ug/
ml HN stimulation. This phosphorylation was
inhibited by antioxidants, suggesting ROS was
required for ERK activation by HNs in HASMCs
(Figure 4D, 4E).

Discussion

The results of the present study show that HNs
stimulated osteogenic differentiation of prima-
ry HASMCs as evaluated by increased calcium
deposition and the expression of bone mark-
ers, including Runx2, osterix, OPN, and COL1.
Furthermore, by culturing primary HASMCs in
the presence of antioxidants or an ERK-specific
inhibitor, we also demonstrated that HN induc-
tion of osteogenic gene expression was medi-
ated partly by activation of oxidative stress and
the ERK pathway.

Vascular calcification is commonly encountered
in CKD patients, and is also a complicated pro-
cess whose regulatory mechanisms have not
been well understood. It has been suggested
that HNs could promote calcification through

Int J Clin Exp Pathol 2017;10(7):7726-7733
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Figure 4. ERK pathway regulated HN-induced transition. A: HN-induced ERK1/2 phosphorylation in HASMCs. B: Ef-
fect of PD98059 on HN-induced expression of Runx2 and osterix determined by western blot. C: Changes of COL1
in cell culture supernatants after inhibition of ERK pathway. *P<0.05 vs. HN group. D: Effect of antioxidants on HN-
induced ERK1/2 phosphorylation at 60 min. E: Antioxidants reduced p-ERK/ERK ratio induced by HNs. *P<0.05

vs. HN group.

several mechanisms, including increased in-
flammatory cytokine release of macrophages
[17], inducing apoptosis in VSMCs [20], or stim-
ulating osteogenic differentiation in VSMCs
[7-9].

Similarly, we found that incubation of primary
HASMCs with HNs decreased SM-a-actin ex-
pression and increased expression of bone
gene/proteins, such as Runx2, osterix, COL1,
and OPN. Runx2 is a key transcription factor for
osteogenic differentiation, as it directly or indi-
rectly modulates a number of other genes spe-
cific for osterix, COL1, as well as OPN [21].
Osterix is also an important transcription factor
that acts downstream of Runx2 [22]. COL1
present in the extracellular matrix (ECM) pro-
vides compartments where minerals grow,
whereas OPN inhibits calcification of VSMCs by
binding to mineral surfaces [23, 24].

In our study, we found that exposure of HAS-
MCs to HNs induced ROS generation, antioxi-
dants partially attenuated the expression of
Runx2, osterix and COL1, suggesting that oxi-
dative stress was a necessary and sufficient
condition for HN-induced osteogenic differenti-
ation. Several studies have shown that oxida-
tive stress promoted the VSMC differentiation
process. For example, Gulinuer et al. [10] found
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that indoxyl sulfate increased ROS production
and the expression of osteogenic proteins in
VSMCs, and this effect could be blocked by
antioxidants. Mathieu et al. [25] reported that
ROS induction by palmitate enhanced the
osteogenic differentiation of VSMCs. Although
our study strongly suggests the implication of
ROS in this transition, many downstream mech-
anisms may be involved in the final response.
ROS could also activate endoplasmic reticulum
stress, resulting in expression of the transcrip-
tion factor XBP1, which binds to the Runx2 pro-
moter and promotes Runx2 transcription [18].

We further examined the possible signaling
involved in HN-induced differentiation of HAS-
MCs. Herein we showed that HNs promoted
osteogenic differentiation of HASMCs via the
ERK pathway. This result is in agreement with
previous findings suggesting that ERK activat-
ed the transcriptional activity of Runx2 in
MC3T3-E1 cells [26, 27]. Moreover, we discov-
ered that ROS was partially involved in this
mechanism, because when we used antioxi-
dants to inhibit ROS production, HN-induced
ERK phosphorylation was suppressed.

In addition to being activated by ROS, the ERK
pathway also responds to a variety of extracel-
lular information, including ECM-integrin bind-

Int J Clin Exp Pathol 2017;10(7):7726-7733
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ing, mechanical stress, and growth factors
[13]. In VSMCs, other mechanisms may also
account for HN-enhanced phenotype switch
via the ERK pathway. Firstly, ERK signaling was
reported to regulate stress-induced osteogenic
differentiation of MSCs [28, 29]. It is possible
that HN serve as mechanical stimuli on VSMCs
to trigger this transition. Secondly, ERK could
mediate ECM-induced osteogenic differentia-
tion [30, 31]. Given one important character of
nanoparticles is absorption of proteins on their
surface in media [32], we speculate that chang-
ing of ECM-integrin binding may interact with
ERK signaling. In fact, Lu et al. [33], discovered
that compared with adipose tissue-derived MS-
Cs cultured on hydroxyapatite, cells seeded on
HNs significantly induced expression of osteo-
genic genes via integrin-a2 and ERK signaling.

Taken together, our findings suggest that HNs
could induce osteogenic differentiation of pri-
mary HASMCs and that this effect may occur
partly via oxidative stress and ERK signaling.
This study gives possible mechanisms for the
effect of HNs and may help us better prevent
and treat calcification in CKD patients.
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