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Abstract: Calcific aortic valve disease (CAVD) currently lacks a highly effective in vitro model. The presence of
high concentrations of serum inorganic phosphate in patients with end-stage renal disease leads to calcification
of vascular and aortic valves. Therefore, we applied inorganic phosphate to induce the osteogenic differentiation
of valvular interstitial cells (VICs) and mimic its in vivo pathophysiological effects. Calcification and inflammatory
response assays determined that inorganic phosphate-osteogenic induction medium (IP-OIM) was more efficient
than classic osteogenic induction medium (OIM) containing organic glycerophosphate. Levels of BMP-2, RhoA, and
ROCK-1 were significantly increased in IP-OIM cells. Knockdown efficiency of BMP-2- and RhoA-siRNA in VICs was
evaluated, and expression of RhoA and its downstream target ROCK-1 was decreased after BMP-2-siRNA transfec-
tion. Moreover, ROCK-1 was significantly downregulated after RhoA knockdown, whereas expression of BMP-2 was
unchanged. Interference of BMP-2 had a stronger anti-calcification effect than RhoA, further identifying BMP-2 as
an upstream regulator of RhoA/ROCK-1. Stimulation of VICs by IP-OIM led to increased Smad1/5/9 phosphoryla-
tion, which peaked at 60 min, while pre-treatment of VICs with the Smad1/5/9 inhibitor Compound C attenuated
VICs calcification. These results suggest that IP-OIM induced VICs osteogenic differentiation via Smad1/5/9 sig-
naling. Knockdown of BMP-2 or RhoA also decreased Smad1/5/9 phosphorylation also decreased. We conclude
that the RhoA/ROCK-1 axis participates in VICs osteogenic differentiation as a “bypass mediator” of the BMP-2/
Smad1/5/9 signaling pathway.
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Introduction

Calcified aortic valve disease (CAVD) refers
to the loss of valve elasticity due to valvular
degeneration or calcium salt deposition that
results in varying degrees of left ventricular
outflow tract stenosis [1]. In some countries,
CAVD is now the third most common cardiovas-
cular disease, following hypertension and coro-
nary heart disease, with an approximate inci-
dence of 2.8% in patients over the age of 75
years that increases gradually with age [2].
However, CAVD pathogenesis has not been
clearly described, and its treatment is mainly

surgical [3]. Further characterizing CAVD and
improving the diversity of treatment options is
of great importance, but the lack of relevant in
vitro calcification models further limits advanc-
es in this area.

Valvular interstitial cells (VICs) act as a scaffold
to maintain aortic valve leaflet morphology [4].
Previous studies have shown that, in addition to
differentiating into normal fibroblasts, VICs can
also display osteogenic phenotypes when stim-
ulated under certain conditions. VICs are the
main cell type that participate in aortic valve
calcification [5], and exhibit the bone-tissue-
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like characteristics that contribute to CAVD
pathogenesis [6].

During osteogenic differentiation of bone mes-
enchymal stem cells (MSCs), high levels of
bone morphogenetic protein-2 (BMP-2) can
directly induce phosphorylation of the signal
transducers Smad-1/5/9, whose nuclear trans-
location then promotes bone tissue differen-
tiation and fracture healing [7]. Similarly, in-
creasing the expression of RhoA (GTPase)
and ROCK-1 (protein kinase) can also lead to
osteogenic differentiation of MSCs [8]. BMP-
2/Smad-1/5/9 and RhoA/ROCK-1 are the
major signaling pathways involved in osteo-
genic differentiation [9, 10].

The current in vitro calcification model is
established using classical osteogenic induc-
tion medium (OIM), which usually contains the
organic phosphate glycerophosphate, but has
some specific disadvantages, such as long
modeling time (14-21 days) and low efficiency
[11-13]. Previous studies have demonstrated
that high levels of serum inorganic phosphate
in patients with chronic kidney disease (CKD)
often cause vascular calcification [14, 15].
Therefore, we hypothesized that directly using
OIM containing inorganic phosphate (IP-OIM),
which resembles in vivo calcification forma-
tion, has a more efficient osteogenic potential
than OIM with organic phosphate (OIM).

In this study, we used IP-OIM and OIM to
stimulate rat VICs and evaluated their osteo-
genic activity to determine whether inorganic
phosphate exhibits higher efficiency than
organic phosphate. Furthermore, we examined
whether IP-OIM promoted osteogenic differen-
tiation of VICs through the BMP-2/Smad1/5/9
and RhoA/ROCK-1 signaling pathways and
explored whether these two pathways partici-
pate in VICs osteogenic differentiation.

Materials and methods
Reagents and solutions

Dulbecco’s modified Eagle medium (DMEM,
containing 4.5 g/L D-glucose, 25 mM HEPES),
reduced serum medium (OPTI-MEM), fetal
bovine serum (FBS), trypsin-EDTA, penicillin-
streptomycin, and phosphate buffer saline
(PBS) were purchased from Gibco (Grand
Island, NY, USA). Type Il collagenase and Triton
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X-100 were purchased from Sigma-Aldrich (St.
Louis, MO, USA). L-Ascorbic acid, B-glycerol-
phosphate, dexamethasone, sodium dihydro-
gen phosphate, bovine serum albumin (BSA),
Alizarin Red S, and Hanks’ balanced salt solu-
tion (HBSS) were purchased from Sangon Bio-
tech (Shanghai, China). Lipofectamine™ 3000
Transfection Reagent was purchased from
Invitrogen (Carlsbad, CA, USA). The RNeasy
Mini Kit was purchased from QIAGEN (Duess-
eldorf, Germany). The PrimeScript RT Master
Mix and the TB Green Premix Ex Taq were pur-
chased from Takara (Tokyo, Japan).

VICs isolation and culture

Male SD rats (8 weeks old) were purchased
from the Sippr bk Laboratory Animals, Ltd.
(Shanghai, China). All experimental protocols
were approved by the Institutional Ethics
Committee (NanChang University, SYXK2015-
0001). Rats were fixed on the operating table
following anesthesia, and 75% alcohol was
used to disinfect the chest and abdomen. The
heart was quickly removed and placed into
4°C pre-cooled PBS with 10% penicillin-strep-
tomycin to avoid washed blood contamination.
The tip of the heart was cut, and the heart
tissues were cut along the left ventricular out-
flow tract to fully expose the aortic valve. The
ventricular side of the aortic valve was then
scraped lightly with the blunt end of a scalpel
to remove endothelial cells. The distal one-
third of the aortic leaflets was microdissected
from the heart with microscissors, placed in
HBSS containing 2 mg/ml type |l collagenase,
and digested for 2 h (37°C, 5% CO,). After
digestion, the cells were transferred into com-
plete medium (DMEM, 20% FBS, 1% penicillin-
streptomycin) and cultured in a humidified
incubator (37°C, 5% CO,). At 70%-80% conflu-
ence, the cells were diluted 1:3 using 0.25%
trypsin-EDTA and then cultured with complete
medium. Cells from passages three to five were
used for further experiments.

Immunofluorescence assay

Logarithmic-phase cells were transferred to
coverslips and allowed to attach. After 24 h,
the complete medium was removed, and the
cells were fixed with 4% paraformaldehyde for
20-30 min. The fixed cells were permeabilized
by 0.5% Triton X-100 (5 min) and blocked in
BSA for 30 min. The samples were incubated
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Table 1. Primer sequences used in this research

membranes were washed

Gene  Forward sequence (5’-3’)

Reverse sequence (5’-3’)

three times with TBST and in-

GAPDH GACATGCCGCCTGGAGAAAC
B-Actin  TGTCACCAACTGGGACGATA

ALP CACGGCGTCCATGAGCAGAAC
Runx-2 AACAGCAGCAGCAGCAGCAG

AGCCCAGGATGCCCTTTAGT
GGGGTGTTGAAGGTCTCAAA
BMP-2 CAGCGGAAGCGTCTTAAGTCCAG GGCATGGTTGGTGGAGTTCAGG
RhoA  GCTTGTGGTAAGACATGCTTGCTC GGCCTCAGACGGTCATAATCTTCC
Rock-1 ACCAGAAGGAGCTGAATGACATGC GCACGCAACTGCTCAATATCACTC
OST GACGATGATGACGACGACGATGAC GTGTGCTGGCAGTGAAGGACTC
CAGGCACAGTGGTCAAGGTTGG China).
GCACGGAGCACAGGAAGTTGG

cubated with secondary anti-
bodies for 2 h at room temper-
ature. Finally, the membrane
was incubated for 1 min in
ECL Developer (Thermo, Berl-
in, Germany) and exposed wi-
th a TANON imager (Shanghai,

(4°C overnight) with anti-alpha smooth muscle
actin (a-SMA) antibody (1:100, ab5694, Abcam,
Cambridge, MA, USA) and anti-vimentin anti-
body (1:250, ab92547, Abcam) and subse-
quently incubated at room temperature for 2 h
with goat anti-rabbit 1gG H&L (1:200, ab1500-
81, Abcam). Finally, DAPI (Solarbio, Beijing,
China) was used to stain the cell nuclei. The
cells were visualized by a fluorescence micro-
scope (Nikon, Tokyo, Japan), and the relevant
images were captured.

Model of VICs osteogenic differentiation

VICs osteogenic differentiation cultures: IP-OIM
(sodium dihydrogen phosphate 10 mmol/l, L-
Ascorbic acid 10 uyg/ml, dexamethasone 10
nmol/l add into complete medium) and OIM
(B-glycerol-phosphate 10 mmol/l, L-Ascorbic
acid 10 pg/ml, dexamethasone 10 nmol/I add
into complete medium) were used to culture
VICs and promote their osteogenic differentia-
tion. VICs cultured in complete medium set as
control group (CON).

Western blot: Proteins were extracted following
culture for 1 week using the M-PER Mamma-
lian Protein Extraction Reagent (Thermo Fisher
Scientific, Waltham, MA, USA), and their con-
centration was measured by the BCA method.
Western blotting was performed to detect ex-
pression of BMP-2, RhoA, and ROCK-1. Briefly,
20 ul of each protein sample was separated by
electrophoresis (Bio-Rad, Hercules, CA, USA)
and transferred to PVDF membranes (Pall
Corporation, New York, USA). Subsequently, 5%
BSA was used to block the membranes for 2 h,
and the membranes were incubated overnight
with anti-BMP-2 (1:500, ab14933, Abcam),
anti-RhoA (1:250, ab54835, Abcam), and anti-
ROCK-1 (1:500, ab97592 Abcam) antibodies in
the presence of 4% BSA. The next day, the
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RNA isolation and quantitative
PCR analysis: An RNeasy mini
kit was used for total RNA extraction following
cell culture for 1 week. The RNA was reverse
transcribed with the EASTWIN system (Suzhou,
China). The expression levels of six calcifica-
tion genes, namely RUNX-2, BMP-2, OST, RhoA,
ROCK-1, and ALP were detected by real-time
quantitative (RT-q) PCR using the StepOne
real-time PCR system (Applied Biosystems,
California, USA) with GAPDH as the internal
reference gene. The 2-AACT method was
employed to calculate the relative expression
levels of the target genes for each sample
compared to that of GAPDH. The PCR primers
used are listed in Table 1 (Sangon Biotech).

ALP activity assay and staining: Early-stage (6
days) osteogenic differentiation of VICs was
evaluated using the BCIP/NBT ALP staining kit
(Beyotime, Shanghai, China) according to the
manufacturer’s protocol. The activity of ALP
was directly measured using the ALP activity
detection kit (Solarbio).

Determination of calcium content and Alizarin
Red staining: The levels of late-stage osteogen-
ic differentiation following 9 days of cell culture
were observed by Alizarin Red staining as fol-
lows. The medium was removed and cells were
fixed in 4% paraformaldehyde for 10 min and
rinsed with 95% ethanol for 10 min. Then, 1%
Alizarin Red was used to stain the cells, which
were rinsed with 95% ethanol and scaned. The
total protein relative calcium content was
directly determined using a calcium content
detection kit (MingDian, Shanghai, China).

Expression of inflammation-associated factors:
To determine the role of inflammatory NF-kB
pathway in osteogenic differentiation, the phos-
phorylation levels of NF-kB were evaluated by
Western blot after VICs were stimulated by
IP-OIM or OIM for 120 min. The NF-kB and
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Table 2. siRNA sequence used in this research

siRNA Sence (5’-3)

Atinsence (5’-3’)

RhoA-siRNA1  CCAGUUCCCAGAGGUUUAUTT
RhoA-siRNA2  GCAGGUAGAGUUGGCUUUATT
RhoA-siRNA3  UCAAGCAUUUCUGUCCAAATT
BMP-2-siRNA1 CCCGACGCUUCUUCUUCAATT
BMP-2-siRNA2 CCACGACGGUAAAGGACAUTT

AUAAACCUCUGGGAACUGGTT
UAAAGCCAACUCUACCUGCTT
UUUGGACAGAAAUGCUUGATT
UUGAAGAAGAAGCGUCGGGTT
AUGUCCUUUACCGUCGUGGTT

and ALP. The evaluation of
early- and late-stage osteo-
genic differentiation were
also performed as describ-
ed above.

Mechanism of VICs osteo-
genic differentiation

BMP-2-siRNA3 UCUGGUAAACUCUGUGAAUTT AUUCACAGAGUUUACCAGATT

p-NF-kB antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA). On
the 9th day of culture, the concentrations of
inflammatory factors IL-6 and IL-8 in cell
culture supernatants were analyzed using
ELISA (Solarbio) according to the manufactur-
er’s protocol.

siRNA silencing of BMP-2 and RhoA expres-
sion

Transfection efficiency assessment: According
to the manufacturer’s protocol, 1.5 ul Lipofe-
ctamine™ 3000 and 15 pmol FAM-siRNA
(Sangon Biotech) were diluted in OPTI-MEM
and added to the culture medium to transfect
VICs for 16-24 h. The culture medium was
then removed, and the cell nuclei were stained
by DAPI and observed using a fluorescence
microscope.

Gene silencing efficiency assessment: We
designed three siRNAs to interfere with RhoA
and BMP-2 expression in VICs respectively. At
the same time, B-actin-siRNA (PC, positive con-
trol) and NC-siRNA (NC, negative control) also
used to transfect VICs respectively. Following
transfection and culture with osteogenic induc-
tion media, RT-PCR and Western blotting were
used to detect mRNA and protein expression
levels of RhoA, ROCK-1, BMP-2 and B-actin.
Based on these data, the siRNA with the high-
est knockdown efficiency was selected for sub-
sequent experiments. The siRNA sequences
are listed in Table 2 (Sangon Biotech).

Osteogenic differentiation of VICs following
transfection: The siRNA with the highest inter-
ference efficiency was used to transfect VICs.
The cells were cultured with osteogenic induc-
tion media, and the ability of the siRNA to inhib-
it osteogenic differentiation was assessed by
measuring the mRNA and protein expression
levels of RUNX-2, BMP-2, OST, RhoA, ROCK-1,
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Role of Smadl/5/9 signal-
ing pathway in VICs osteo-
genic differentiation: VICs were cultured with
osteogenic induction for 0, 15, 30, 60, and 120
min. The phosphorylation levels of Smad1/5/9
were assessed by Western blot, and the time
period required for the highest phosphoryla-
tion level was determined. Subsequently, three
working doses of the Smadl/5/9-specific in-
hibitor Compound C (MCE, New Jersey, USA)
were added into the complete medium, and the
VICs were pre-treated with these for 1 day.
Then, the VICs were cultured with osteogenic
induction, and Smad1/5/9 inhibitory efficiency
was measured by Western blot. The working
dose with the highest inhibitory efficiency was
added to the osteogenic medium. The evalua-
tion of early- and late-stage osteogenic differ-
entiation were also performed as described
above. The Smad1/5/9 Antibody Sampler Kit
was purchased from Cell Signaling Technology.

Association between BMP-2-Smadl/5/9 and
RhoA/ROCK-1 signaling: VICs transfected with
BMP-2-siRNA or RhoA-siRNA were cultured
with osteogenic induction, and Western blot-
ting was used to evaluate whether the low
expression of BMP-2 or RhoA affected the
phosphorylation level of Smad1/5/9.

Statistical analysis

Data were analyzed with Prism 7 (GraphPad
Software, Inc., La Jolla, CA, USA) and present-
ed as the mean * SD. Significant differences
were identified using a one-way analysis of
variance. A probability value of less than 0.05
(P<0.05) was considered significant.

Results
Characterization of normal VICs
The cells isolated from rat aortic valves follow-

ing digestion were visualized within 2 to 3 days
by optical microscopy and exhibited round,
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mal VICs phenotype to an
irregular one, with a near ab-
sence of spindle-shaped cells
by the 9th day. However, the
cells in the OIM group did not
show any phenotypic changes
until the eighth and 9th days
(Figure 2).

Western blotting of VICs (Fig-
ure 3A) showed the expres-
sion of BMP-2 in IP-OIM and
OIM groups increased at vary-
ing degrees compared with
the CON group (P<0.001, P<
0.05), and levels of BMP-2
were higher in the [IP-OIM
group than in OIM cells (P<

L 0.001). We noted no signifi-

cant difference in RhoA ex-
pression between the OIM
and the CON groups, whereas
RhoA expression in the IP-
OIM group was significantly
higher than in these two
groups (P<0.001 for both).
Similarly, ROCK-1 levels were
significantly higher in the IP-
OIM group than in other gro-
ups (P<0.001 for both), while
the OIM cells exhibited no sig-
nificant difference in ROCK-1
expression compared with the
CON group.

Figure 1. Microscopic observation of primary rat VICs following subculture.

A. Optical microscopy shows spindle-shape cells; scale bar =20 um. B. Fluo-
rescent staining of VICs markers a-SMA and vimentin. The expression rate

of both proteins was over 90%; scale bar =20 ym.

oval, or irregular shapes. Approximately 6 to 7
days later, the cells adopted a spindle-shape
morphology (Figure 1A). The 4th generation of
cells showed high homogeneity, and over 90%
of the cells were stained positive for a-SMA
and vimentin (Figure 1B), which are classical
VICs-specific markers.

Model of VICs osteogenic differentiation

No significant change was noted in the cell mor-
phology of the CON group at all time points. In
contrast to the CON group, the IP-OIM group
exhibited significant changes in cell phenotype
on the 5th and 6th days. On the 6th day, the
IP-OIM cells appeared to transform from a nor-
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Our RT-PCR analysis (Figure
3B) found that levels of BMP-
2, RhoA, RUNX-2, ALP, and
OST in the IP-OIM and OIM
groups were significantly higher than those of
the CON group (P<0.001 and P<0.05, respec-
tively), with their increased expression in the
IP-OIM group notably significant (P<0.001).
Moreover, levels of ROCK-1 in the IP-OIM group
were significantly higher than those of the OIM
and CON groups (P<0.001), although they did
not significantly differ between the OIM and
CON groups.

We determined that ALP activity (Figure 3C)
in the IP-OIM (1.721+0.101 U/mg) and OIM
(0.84+0.127 U/mg) groups was higher than
that of the CON group (0.33+0.09 U/mg)
(P<0.001 for both). We also noted significantly
different ALP activity between the IP-OIM and

Am J Transl Res 2020;12(7):3329-3345
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IP-OIM
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OIM groups (P<0.001). ALP
staining intensity was signifi-
cantly different among the
three groups (Figure 3D), a
trend that was consistent
with the results of the ALP
activity assays. The calcium
contents (Figure 3E) of the
IP-OIM (43.15+2.06 ug/mg)
and OIM (19.69+1.24 ug/mg)
groups were higher than that
of the CON group (8.97+0.99
pug/mg) (P<0.001 for both),
with the IP-OIM group cal-
cium content highest of all
(P<0.001). Alizarin Red sta-
ining was significantly differ-
ent (Figure 3F) in the three
groups and corroborated the
direct measurements of calci-
um within the cells.

Regarding the role of infla-
mmation in osteogenic differ-
entiation, NF-kB phosphoryla-
tion was the highest in IP-
OIM cells, although levels in
both IP-OIM and OIM cells
were higher than in the CON
group (P<0.05, Figure 4A). On
the 9th day, the concentra-
tion of I8 in the IP-OIM
(171.954£15.38 pg/ml) and
OIM (92.2748.99 pg/ml) gro-
ups was higher than that of
the CON group (48.18+10.92
pg/ml), again with IP-OIM cells
showing significantly higher
levels of IL-8 than OIM cells
(P<0.001, Figure 4B). Conce-
ntrations of IL-6 followed a
similar pattern as IL-8: IP-OIM
group (492.59+16.96 pg/ml)
> 0IM group (250.93+17.66
pg/ml) > CON group (101.91+
12.50 pg/ml) (P<0.001, Figu-
re 4C).

These data suggest that dur-
ing early- and late-stage VICs
osteogenic differentiation, IP-
OIM led to higher efficiency
than OIM and activated a
stronger inflammatory respo-
nse. Thus, in subsequent ex-
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Figure 2. Changes in VICs morphology after growth in OIM, IP-OIM, and com-
plete medium (CON). Cells were observed with optical microscopy at the des-
ignated timepoints; scale bar =50 pym.
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Figure 3. Expression of calcification-associated factors in VICs cultured in
complete medium (CON), OIM, and IP-OIM. A. Western blots of cell proteins
on the 7th day of culture (N=3; *P<0.05, **P<0.001). B. RT-PCR analysis of
calcification factors BMP-2, RhoA, ROCK-1, RUNX-2, ALP, and OST on the 7th
day of culture (N=3; *P<0.05, **P<0.001). C. ALP activity assays were per-
formed on the 6th day (N=3; *P<0.05, ** P<0.001). D. ALP staining on the
6th day. E. Measurement of calcium content on the 9th day (N=3; *P<0.05,
**P<0.001). F. Alizarin Red staining on the 9th day.

siRNA silencing of BMP-2 and
RhoA expression

We determined that siRNA
transfection efficiency was
approximately 80% via moni-
toring fluorescently tagged
(FAM)-siRNA (Figure 5A). RT-
PCR of cells after transfection
with RhoA-siRNA (Figure 5B)
showed the siRNA2 and siR-
NA3 groups caused a signifi-
cant decrease in levels of
RhoA compared with the CON
group (P<0.001, P<0.05). Di-
fferences in RNA expression
between the siRNA1 and si-
RNA2 groups were significant
(P<0.001). Similarly, expres-
sion of ROCK-1, which encod-
es a downstream target of
RhoA, was decreased in the
siRNA2 and siRNA3 groups
compared with the CON gro-
up (P<0.001, P<0.05), while
siRNAL1 did not cause a sig-
nificant decrease in ROCK-1
expression. Levels of ROCK-1
significantly differed between
the siRNA1 and siRNA2 gro-
ups (P<0.001). However, we
noted no change in the ex-
pression of BMP-2 following
RhoA silencing.

Based on our Western blot
results of the target proteins
(Figure 5C), the siRNA2 and
siRNA3 groups caused signi-
ficantly decreased RhoA ex-
pression compared with the
CON group (P<0.001, P<0.05),
while the siRNA1 group did
not cause a significant de-
crease. The effects between
the siRNA1 and the siRNA2
groups were significantly dif-
ferent (P<0.001). Consistent
with RhoA expression patter-
ns, levels of the downstream
target ROCK-1 were partially
decreased, whereas the ex-
pression of BMP-2 remained
unchanged.

periments, IP-OIM was used to stimulate VICs Following transfection of BMP-2-siRNA into
osteogenic differentiation. VICs, our RT-PCR analysis (Figure 5D) indicated
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Phosphorylation expression

the expression of the calcifica-
tion-associated factors BMP-
2, RhoA, ROCK-1, ALP, RUNX-
2, and OST was assessed by
Western blot (Figure 6A). As
noted previously, BMP-2 ex-
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Figure 4. Induction of inflammatory responses in VICs following culture in
IP-OIM, OIM, or complete medium. (A) After stimulation for 120 min, NF-
KB phosphorylation levels were assessed via Western blot (N=3; *P<0.05,
**P<(0.001). On the 7th day of culture, IL-8 (B) and IL-6 (C) concentrations
in cell culture supernatants were determined by ELISA (N=3; *P<0.05,

**P<0.001).

that expression of BMP-2 in the siRNA1 and
siRNA2 groups decreased compared with that
noted in the CON group (P<0.001, P<0.05),
while the siRNA3 group did not cause a sig-
nificant decrease in its expression. siRNA1
transfection exerted the greatest effect and
was significantly different to that of the other
two groups (P<0.05, P<0.001). Notably, ex-
pression levels of RhoA and ROCK-1 also
decreased following silencing of BMP-2. Our
Western blot analysis (Figure 5E) revealed
similar results regarding BMP-2 expression
as those obtained by RT-PCR: expression of
BMP-2, RhoA, and ROCK-1 decreased to some
extent, with the siRNA1 group exerting the
strongest effect. In summary, we found that
the RhoA-siRNA2 and BMP-2-siRNA1l groups
exhibited the highest interference efficiency,
so these two sequences were used in subse-
quent experiments. In addition, after silencing
of BMP-2 in VICs, expression of both RhoA and
its downstream target ROCK-1 were downregu-
lated. However, silencing of RhoA only down-
regulated ROCK-1 expression, whereas BMP-2
levels were unchanged.

Anti-calcification effects of siRNA transfection

After transfection with BMP-2- and RhoA-siRNA
respectively, VICs were cultured in IP-OIM, and
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é‘ cantly different between the
two siRNA groups. Expression
levels of ROCK-1 were consis-
tent with those of RhoA ex-
pression. Levels of the other
calcification-related factors,
such as ALP, were decreased
in the si-RhoA group and si-
BMP-2 group compared with
the CON group (P<0.001 for both), although
ALP expression was significantly more decre-
ased in the si-BMP-2 group than in the si-RhoA
group (P<0.05). Changes in the expression of
OST and RUNX-2 were similar to those of ALP,
with the si-RhoA and si-BMP-2 groups exhibit-
ing significantly lower levels of these factors
than the CON group (P<0.05, P<0.001; P<0.05,
P<0.001); the most significant difference was
noted in the si-BMP-2 group (P<0.05; P<0.001).
The mRNA expression of the calcification-relat-
ed factors was also downregulated in the si-
BMP-2 and si-RhoA groups compared with the
CON group. However, there were some results
differed from those noted in the Western blot
analysis, as expression of RhoA in these two
groups were significantly different from each
other (P<0.05), but expression of OST did not
change significantly between the si-RhoA and
si-BMP-2 groups (Figure 6B).

®

ALP activity levels on the 6th day (Figure 6C) in
the si-RhoA (1.154+0.156 U/mg) and si-BMP-2
(0.565+0.098 U/mg) groups were significantly
decreased compared with those of the CON
group (1.984+0.204 U/mg) (P<0.001 for both),
with the si-BMP-2 group showing the lowest lev-
els of all groups (P<0.001). This same pattern
was observed by ALP staining (Figure 6D),
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Figure 5. Assessment of siRNA transfection efficiency and target gene knockdown. A. Efficiency of fluorescently
tagged FAM-siRNA transfection into VICs; scale bar =50 um. B. RT-PCR of target genes following transfection of
RhoA-siRNA (N=3; *P<0.05, **P<0.001). C. Western blot of target proteins following transfection of RhoA-siR-
NA (N=3; *P<0.05, **P<0.001). D. RT-PCR of target genes after transfection of BMP-2-siRNA (N=3; *P<0.05,
**P<0.001). E. Western blot of target proteins after transfection of BMP-2-siRNA (N=3; *P<0.05, **P<0.001).
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where si-BMP-2 exhibited the lowest color (Figure 6E) was significantly lower in the si-
intensity. Calcium content on the ninth day RhoA (31.58+1.869 ul/mg) and the si-BMP-2
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Figure 7. Phosphorylation of Smad1/5/9 during VICs osteogenic differen-
tiation. A. Cells were stimulated with IP-OIM for 15, 30, 60, and 120 min
to detect Smad1/5/9 phosphorylation levels. B. The inhibitory efficiency of
the Smad1/5/9-specific inhibitor Compound C (CC) was determined by pre-
treating VICs with varying concentrations of Compound C. C. ALP activity was
measured on the 6th day of co-culture with Compound C (N=3; *P<0.05,
**P<0.001). D. ALP staining was performed on the 6th day. E. Detection of
calcium content on the 9th day of Compound C treatment (N=3; *P<0.05,
**P<0.001). F. Alizarin Red staining of cells on the 9th day. G. Phosphoryla-
tion levels of Smad1/5/9 in siRNA-transfected VICs stimulated with IP-OIM
for 60 min.

for both). The decrease in cal-
cium content of the si-BMP-2
group was most notable of all
the groups and was signifi-
cantly lower than that of the
si-RhoA group (P<0.001). The
same pattern was observed
after Alizarin Red staining
(Figure 6F).

In summary, silencing of
BMP-2 or RhoA led to the
downregulation of calcifica-
tion-related factors, namely
ALP, OST, and RUNX-2, at the
MRNA or protein level, with
the most significant downre-
gulation noted in the si-BMP-
2 group. The ALP activity ass-
ays and ALP staining demon-
strated that the silencing of
BMP-2 and RhoA, particul-
arly BMP-2, could negatively
affect early-stage VICs ost-
eogenic differentiation. Direct
measurement of calcium con-
tent, together with Alizarin
Red staining, indicated that
downregulation of BMP-2 and
RhoA could also impact late-
stage VICs osteogenic differ-
entiation, again with silencing
of BMP-2 exerting the grea-
test effects. Transfection with
si-BMP-2 downregulated Rh-
oA and ROCK-1 expression,
whereas interference of RhoA
only decreased ROCK-1 ex-
pression.

Mechanism of VICs osteogen-
ic differentiation

We used IP-OIM to stimulate
VICs for different time periods
and found that the phosphory-
lation of Smad1/5/9 were in-
creased from 15 min of treat-
ment (Figure 7A) and reached
their highest peak at 60
min, suggesting that IP-OIM
induced phosphorylation of
Smadl/5/9 signaling path-

(17.08+1.664 ug/mg) groups compared with way. Subsequently, we pre-treated VICs with
the CON group (47.14+2.104 ul/mg) (P<0.001 different concentrations of the Smadl/5/9
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pathway-specific inhibitor Compound C and
measured changes in phosphorylation after
VICs stimulation with IP-OIM for 60 min.
Compound C pre-treatment reduced the pho-
sphorylation levels of Smadl/5/9, with the
most potent effect noted at 500 nmol/I (Figure
7B). VICs were then co-cultured with 500
nmol/I Compound C and IP-OIM to assess
whether inhibition of Smad1/5/9 reduced their
osteogenic differentiation. On the 6th day
Compound C (CC) group (0.862+0.138 U/mg)
exhibited significantly lower ALP levels than
the CON group (1.965+0.186 U/mg) (P<0.001)
(Figure 7C), which was confirmed by ALP stain-
ing (Figure 7D). Calcium content measured on
the 9th day (Figure 7E) indicated that the CC
group (16.82+1.87 ug/mg) exhibited signifi-
cantly lower levels of calcium than the CON
group (38.18+1.31 pg/mg) (P<0.001), which
was verified by Alizarin Red staining too (Figure
7F).

To verify the association between BMP-2/
Smad1/5/9 and RhoA/ROCK-1 signaling in
osteogenic differentiation, we used IP-OIM to
stimulate VICs cells transfected with si-BMP-2
and si-RhoAfor 60 min respectively. Smadl1/5/9
phosphorylation levels in the si-RhoA and si-
BMP-2 groups were significantly lower than
those of the CON group (Figure 7G, P<0.001 for
both), with the si-BMP-2 group showing the
most dramatic decrease of all groups (P<0.05).

Discussion

The incidence of CAVD increases every year,
in North America alone, 85,000 new cases
have been identified and have led to 15,000
mortalities per year [16]. The number of CAVD
patients is predicted to reach 4.5 million by
2030 [17], highlighting the importance of iden-
tifying potential therapies for this disease.
Constructing an efficient and relevant model
that reflects the in vivo pathological changes
of CAVD will advance this research. Swetha et
al. [18] showed that aortic valve calcification
and vascular wall calcification in patients with
end-stage kidney disease occurred mostly
due to elevated serum inorganic phosphate
caused by an imbalance of pyrophosphate
(PPi) and inorganic phosphate (IP). In vivo, PPi
can inhibit the deposition of phosphate and
calcium, while IP or ALP can hydrolyze PPi to
relieve this inhibition and promote calcification.
Liu et al. [19] used serum from uremia patients
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that contained high concentration of IP to
successfully promote arterial smooth muscle
cell osteogenic differentiation, thus confirming
the effect of IP on osteogenic differentiation.
Furthermore, studies by Neven and Yamada
have shown that the use of PPi or other IP
inhibitors can exert an anti-calcification effect
[20, 21]. However, few parallel comparisons
of IP-OIM and OIM efficiency have been per-
formed. Here, we found that IP-OIM induced
stronger early- and late-stage VICs osteogenic
differentiation than OIM and caused notable
calcium deposits following 9 days of treatment,
while treatment with OIM required 14 or even
21 days [11-13]. Goto et al. [22] compared the
effects of IP-OIM and OIM and reached similar
conclusions to those of our study, but the
mechanism of their action was not fully
explored. Aredshirylajimi et al. [23] used IP-
OIM to promote MSCs osteogenic differen-
tiation and suggested that IP-OIM induces in
vitro osteogenic differentiation similar to that
which occurs in vivo and is considerably less
toxic than OIM but is significantly less efficient
than OIM; however, this finding may be related
to the different types of cells used in that
study. Inflammation also plays an important
role in VICs osteogenic differentiation [24]. We
found that IP-OIM more strongly promotes
inflammation, induces greater NF-kB phos-
phorylation, and leads to more IL-6 and IL-8
release than OIM. Notably, both IL-6 and IL-8
likely have a direct relationship with heart valve
calcification [25, 26]. Specifically, the release
of IL-6 by VICs promotes the osteogenic
transition and mineralization of cells through
the production of BMP-2 [27].

The BMP-2 is a regulatory protein member of
the transforming growth factor beta (TGF-B)
superfamily that induces osteoblast differen-
tiation and bone formation by activating vari-
ous downstream factors and promoting MSCs
transformation to osteogenic phenotypes [28,
29]. Expression of BMP-2 is significantly upreg-
ulated during the osteogenic differentiation of
several other cells and tissues, such as vascu-
lar smooth muscle cells and dental follicle
stem cells [30, 31]. Calcification of the heart
valve results from active transformation of
VICs to the osteoblast-like cell phenotype,
which involves the regulation of multiple osteo-
genic factors [32], including the positive role of
BMP-2 [6, 33]. BMP-2 activates the Smad sig-
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naling pathway, which is necessary for osteo-
blast activation and extracellular matrix calci-
fication [34]. Specifically, BMP-2 mediates
the phosphorylation of Smadl, Smad5, and
Smad9 that then form a complex with their
common partner Smad4, which translocates
to the nucleus and directly regulates target
gene expression. Smad4 and Smad binding
elements can also indirectly regulate target
gene expression by interacting with transcrip-
tion factors, receptor co-activators, or nuclear
receptor co-repressors [35], RUNX-2 is one tar-
get gene of the BMP-2/Smadl1/5/9 signaling
pathway [36, 37]. Following VICs stimulation,
we found that IP-OIM led to higher levels of
BMP-2 expression at both the mRNA and
protein level, suggesting that IP-OIM demon-
strates higher osteogenic efficiency than OIM.
After silencing BMP-2, expression of the calcifi-
cation-related factors RUNX-2, ALP, and OST
showed varying degrees of downregulation. Our
ALP and calcium activity and content assays
indicate the anti-calcification effects of BMP-2
silencing occurred during both the early and
late stages of osteogenesis. In addition, IP-OIM
treatment increased the phosphorylation of
Smad1/5/9, which peaked at 60 min, whereas
interference with BMP-2 expression decreased
phosphorylation levels. The Smad1/5/9 path-
way inhibitor Compound C further reduced
the osteogenic differentiation of VICs. Based
on these results, we conclude that IP-OIM
induces osteogenic differentiation of VICs via
the BMP-2/Smad1/5/9 signaling pathway.

The RhoA/ROCK-1 axis is commonly activated
in various types of tissues and cells and parti-
cipates in many cellular processes, including
growth, proliferation, apoptosis, differentiation,
cytoskeleton regulation, adhesion, attachment,
deformation, and movement. Previous studies
have indicated that RhoA/ROCK-1 signaling
plays an important regulatory role in neuron-
like cell differentiation, osteogenic differentia-
tion, cartilage differentiation, and epidermal
cell differentiation of MSCs [38-41]. The pro-
tein expression levels of RhoA and ROCK-1 in
VICs exhibited no significant increase following
stimulation with OIM, and only mRNA levels of
RhoA increased. In contrast, mRNA and protein
expression of RhoA and ROCK-1 was signifi-
cantly upregulated in VICs after simulation with
IP-OIM. During calcification cultures, the phe-
notype of cells in the CON group did not change,
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whereas VICs in the IP-OIM group began exhib-
iting altered, irregular morphology on the 5th
day that was nearly complete by the 9th day,
while OIM did not cause significant changes
in cell morphology until the 9th day. Gu et al.
[42] determined that phenotypic changes of
VICs were accompanied by activation of the
RhoA/ROCK-1 signaling pathway. Farrar et al.
[43] used a 3D tension model to verify that
these phenotypic changes will activate RhoA,
causing a subsequent distortion in the intracel-
lular tension balance that leads to pre-osteo-
genesis stage. Therefore, IP-OIM can activate
and induce expression of RhoA and its down-
stream target ROCK-1 by affecting the pheno-
type of the cells and causing more rapid
VICs transformation than OIM. The calcifica-
tion-related factors RUNX-2, ALP, and OST
exhibited different degrees of downregulation
after silencing of RhoA, and levels of calcium
content significantly decreased after si-RhoA
transfection, suggesting that interference of
RhoA has an anti-calcification effect in the
early and late stages of osteogenesis. Thus, we
concluded that the RhoA/ROCK-1 axis is an
important signaling pathway in the IP-OIM-
induced osteogenic differentiation of VICs.

Following interference of BMP-2 expression,
expression of both RhoA and ROCK-1 was
downregulated, while RhoA interference affect-
ed only ROCK-1 expression. The anti-osteogen-
ic effect of BMP-2 on VICs was stronger than
that of RhoA interference, so we concluded
that BMP-2 is an upstream regulator of RhoA
and ROCK-1. To date, less reports on the
association between BMP-2 and RhoA in the
context of VICs osteogenic differentiation have
been published. However, Wang et al. [44]
demonstrated that the RhoA/ROCK-1 signaling
pathway is involved in BMP-2 activation and
Smad phosphorylation during MSCs osteog-
enic differentiation. Zhu et al. [45] indicated
that RhoA/ROCK-1 expression promotes phos-
phorylation of Smad1/5/9 and its subsequent
nuclear translocation by BMP-2 during the
differentiation of human corneal endothelial
cells into neural progenitor cells. Because
silencing of RhoA, decreased levels of p-
Smad1/5/9 in our study, but not stronger than
silencing of BMP-2, we considered that RhoA/
ROCK-1 signaling is involved in BMP-2/
Smadl/5/9 phosphorylation, which subse-
quently upregulates the expression of other
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Figure 8. Proposed mechanism of IP-OIM-mediated stimulation of VICs os-

teogenic differentiation.

calcification-related factors. Gu et al. [42]
found that RhoA/ROCK-1 did not directly
cause osteogenic differentiation of VICs but
activated osteogenic differentiation signaling
by affecting the intracellular tension balance.
Sung et al. [46] showed that RhoA/ROCK-1 is
involved in the activation of osteogenic differ-
entiation via induction of SOX-9 expression. In
the current study, we determined that RhoA/
ROCK-1 induced osteogenic differentiation in
VICs through phosphorylation of Smad1/5/9.

Aortic stenosis caused by valve calcification
was previously considered to be a degener-
ative change but has since been shown to be
caused by various factors [47]. Specifically,
lipid deposition, osteogenic differentiation,
changes in cell phenotype, endothelial injury,
and inflammatory mediators have been verifi-
ed to promote aortic calcification [48-52]. Our
research further demonstrates that during
the calcification of VICs, osteogenic differen-
tiation, inflammation, and altered cell pheno-
types do not occur independently but are relat-
ed through BMP-2/RhoA/ROCK-1/Smad signal-
ing (Figure 8).
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OIM, indicating its value in
future research involving CA-
VD. Mechanistically, during
VICs osteogenic differentiati-
on, IP-OIM promotes phosph-
orylation of Smadl/5/9 by
direct upregulation of BMP-2,
which leads to calcification.
Besides, change in cell mor-
phology leads to RhoA/ROCK-
1 activation also contributes
to Smadl/5/9 phosphoryla-
tion. BMP-2 is an upstream
regulator of RhoA/ROCK-1,
although the mechanism of
this interaction requires fur-
ther investigation.
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