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Abstract

Calcific aortic valve disease (CAVD) is a common heart disease that contributes to increased
cardiovascular morbidity and mortality. There is a lack of effective pharmaceutical therapy
because its mechanisms are not yet fully known. Ginkgo biloba extract (EGB761) is reported
to alleviate vascular calcification. However, whether EGB761 protects against aortic valve
calcification, a disease whose pathogenesis shares many similarities with vascular calcification,
and potential molecular mechanisms remain unknown. In this study, porcine aortic valve
interstitial cells (pAVIC) calcification was induced by warfarin with or without the presence of
EGB761. Immunostaining was performed to establish and characterize the pAVIC phenotype.
Calcium deposition and calcium content were examined by Alizarin Red S staining and an
intracellular calcium content assay. Alkaline phosphatase (ALP) activity was detected by the
p-nitrophenyl phosphate method. The expression levels of bone morphogenetic protein-2 (BMP2),
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Runt-related transcription factor 2 (Runx2), homeobox protein MSX-2 (Msx2) and phosphorylated
(p)-Smad1/5 were detected by reverse transcription-quantitative PCR and western blot analysis.
Consistent with these in vitro data, we also confirmed the suppression of in vivo calcification

by EGB761 in warfarin-induced C57/BI6 mice. The results indicated that both pAVICs and

aortic valves tissue of mice stimulated with warfarin showed increased calcium deposition and
expression of osteogenic markers (ALP, BMP2, Msx2 and Runx2), and promoted p-Smad1/5
translocation from the cytoplasm to the nucleus. The addition of EGB761 significantly inhibited
p-Smad1/5 translocation from the cytoplasm to the nucleus, thus suppressing calcification. In
conclusion, EGB761 could ameliorate warfarin-induced aortic valve calcification through the
inhibition of the BMP2-medicated Smad1/5/Runx2 signaling pathway.

Introduction

Calcific aortic valve disease (CAVD) is a prevalent heart disease that contributes to increased
cardiovascular mortality in almost 30% of adults >65 years and 40-50% of those >75

years (1,2). The development of this disease is thought to be initiated by endothelial

injury, lipid deposition, inflammatory cell infiltration, extracellular matrix deposition and
neovascularization in the valve, and is followed by a propagation phase, where several
factors promote osteogenesis and calcification (3). These processes are also contributing
factors to atherosclerosis. Although there are similar pathophysiological processes between
them, only ~50% of patients with CAVD are accompanied by clinically significant
atherosclerotic characteristics (4). To date, there is no effective medical therapy to treat

or even delay the progress of CAVD.

Warfarin is an antagonist of vitamin K and plays an important anticoagulative role by
inhibiting coagulation factors. It is the most important oral anticoagulant in the synthesis

of numerous coagulation factors as well as in the formation of circulating anticoagulants.
Warfarin is associated with severe aortic valve and vascular calcification in hemodialysis
and diabetic patients and is considered to be an irritant factor for calcium phosphate
deposition in aortic valves (5-7); however, its mechanism is not fully understood (8). One
characteristic of the pro-osteogenic mechanism of warfarin involves the inhibition of protein
carboxylation, including of the matrix Gla protein, which can prevent calcification by
directly inhibiting the formation of bone morphogenetic proteins (BMPs)2 and 4 (8-10). Our
previous research demonstrated that 10 pM warfarin and 1.6 mM inorganic phosphate led

to accelerated calcification of porcine aortic valve interstitial cells (AVICs) (11). Moreover,
warfarin was also involved in the development of aortic valve calcification in C57/BI6 mice
as previously reported (11).

Ginkgo biloba extract (EGB761) is a standardized extract consisting of two major
ingredients with specific pharmacological profiles: 24% flavonoids (including quercetin,
kaempferol and isorhamnetin) and 6.0% terpene trilactones (including ginkgolides A, B,
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C, J and bilobalide) (12). Numerous studies in animal models and humans have verified
the protective effects of EGB761 on cardiovascular disease, including its well-known
antioxidant property of scavenging superoxides, free radicals and nitric oxide (NO), and
antiplatelet effects to reduce inflammation and atherosclerotic plague formation (13-15).
Furthermore, the protective effects of EGB761 on vascular functions have shown that it
could modulate the synthesis of vasoactive substances including NO and endothelin (ET)
(14).

Recent several studies have examined the effects of EGB761 on vascular calcification
(16,17); the results demonstrated that EGB761 significantly reduced calcium deposition

in rat aortic vascular smooth muscle cells, thereby alleviating vascular calcification.
However, it is unclear whether EGB761 could reduce calcium deposition in AVICs to
relieve calcification and osteogenic differentiation, and its specific mechanism remains to be
elucidated. The present study hypothesized that EGB761 may be beneficial for the treatment
of aortic valve calcification and osteogenesis in vivo and in vitro and aimed to investigate
the potential molecular mechanisms of EGB761 treatment in cultured warfarin-induced
calcification AVICs.

Materials and methods

All experimental procedures were approved by the Experimental Animal Care and Use
Committee of the University of Michigan State and Nanjing Medical University, and
conducted in accordance with the Guide for the Care and Use of Laboratory Animals (NIH
publication No. 85-23, revised 1996).

Drugs and reagents.

Standard EGB761 was purchased from Dr. Willmar Schwabe GmbH & Co. KG. High
glucose DMEM (HDMEM; 4.5 g/l) and FBS were purchased from Gibco (Thermo Fisher
Scientific, Inc.). Warfarin (cat. no. PHR1435) and Alizarin Red S (cat. no. A5533) were
purchased from Sigma-Aldrich (Merck KGaA). Von Kossa (cat. no. ab150687) were
purchased from Abcam. BMP2 antibody (cat. no. NBP1-19751) was purchased from Novus
Biologicals LLC. Anti-Runx2 (cat. no. 12556) and anti-GAPDH (cat. no. 5174) antibodies
were purchased from Cell Signaling Technology, Inc. Anti-phosphorylated (p)-Smad1/5
(cat. no. ab80255) and anti-Msx2 (cat. no. ab227720) antibodies were purchased from
Abcam. Human recombinant BMP2 (rhBMP-2; cat. no. B3555) was purchased from Cyagen
Biosciences, Inc.

PAVIC cell culture and characterization.

pAVICs were routinely isolated and cultured as described previously, with minor
modifications (18). Dissociated pAVICs were cultured in HDMEM supplemented with 10%
FBS, 100 U/ml penicillin-streptomycin and 2 mM L-glutamine. Adherent pAVICs were
passaged at 80% confluence. Cells between passages 3 and 5 were used in the present
study. To establish and characterize pAVICs, the cells were identified by immunostaining
with AVIC markers, such as anti-vimentin (1:900, cat. no. 2258, Sigma-Aldrich) and anti-a-
smooth muscle actin (a-SMA; 1: 200, cat. no. 7817, Abcam) antibodies.
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pPAVIC cell treatment.

The treatment protocol for warfarin induction was performed as previously described (11).
Once adherent pAVICs were at 80% confluence, cells were treated as follows according

to different groups: i) HDMEM supplemented with 10% FBS and 100 U/ml penicillin-
streptomycin [NC (negative control) group]; ii) HDMEM supplemented with 10% FBS,
100 U/ml penicillin-streptomycin, 1.6 mM inorganic phosphate (Pi) and 10 uM warfarin
(warfarin group); and iii) EGB761(concentration 0.1, 0.3, 0.5 and 0.7 mg/ml), 1.6 mM

Pi and 10 pM warfarin (EGB761 group). To investigate the role of the BMP-Smad
signaling pathway in mediating warfarin-induced pAVIC calcification, cells were treated
with 100 ng/ml rhBMP2 (19) in the presence of EGB761, 1.6 mM Pi and 10 pM warfarin
(EGB761+rhBMP2 group). Different media was added into the culture media for a further
4-day incubation period and changed every 2 days.

Animal grouping.

To establish the effect of EGB761 on warfarin induced aortic valve calcification in vivo,
male C57/BI6 mice, aged 8 weeks old, were rendered aortic valve calcification as warfarin
group by subcutaneous injection of 250 mg/kg/d warfarin and 30 mg/kg/d vitamin K1
every day for 4 weeks as previously reported (11). The mice that received saline water
served as control group. The Intraperitoneal injection with variable dosages of EGB761 was
administered simultaneously with warfarin and vitamin K1 once a day.

C57/BI6 mice were randomly divided into four groups: i) saline water, [NC (negative
control) group)]; ii) 250 mg/kg/d warfarin and 30 mg/kg/d vitamin K1 (warfarin group); iii)
EGB761 (75 mg/kg/d and 125 mg/kg/d), 250 mg/kg/d warfarin and 30 mg/kg/d vitamin K1
(EGB761 group). All the mice were sacrificed by isoflurane, and selected tissues were fixed
in 4% paraformaldehyde and embedded in paraffin or frozen at —80°C for later studies.

Cytotoxicity assay.

Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc.) was used according to
the manufacturer’s instructions. Cells were analyzed in quintuplicate in 96-well plates. The
pAVICs calcification model was established by culture in medium containing warfarin, and
the cells were treated with warfarin and/or supplemented with 0.1, 0.3, 0.5 or 0.7 mg/ml
EGB761. The optical density (OD) value of each well was measured at a wavelength of 450
nm and the relative cell viability was determined as ODryg/ODpormal-

Alizarin Red staining.

Calcified cells were measured by Alizarin Red staining. Briefly, cells were carefully washed
with Ca2*-free PBS, and fixed in 4% paraformaldehyde for 10 min and in 95% ethanol

for 30 min at room temperature. Subsequently, cells were stained with 2% Alizarin Red
solution (pH 4.2) for 1-5 min to visualize orange-red mineralized nodules. The plates were
photographed under an inverted microscope.
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Von kossa staining.

Paraffin sections were routinely dewaxed to water. Incubate slide in 5% silver nitrate
solution for 30-60 min with exposure to ultraviolet light or incandescent. Rinse in distilled
water and incubate slide in 5% sodium thiosulfate solution for 2-3 minutes. Incubate slide

in nuclear fast red solution for 5 minutes, then rinse with distilled water. Dehydrate very
quickly in fresh Absolute Alcohol. Clear and mount in synthetic resin. After dehydration and
baking, seal the piece with synthetic resin and put it in the oven overnight. After drying, it
can be photographed under optical microscope.

Image Analysis.

Image Pro Plus Pathological Image analysis software (Media Cybernetics, Inc. Rockville,
MD, USA) was used to calculate the calcification area and total area of each visual field, and
the percentage of calcification area = (calcification area/total valve area) x100%.

Intracellular calcium levels.

In order to quantify calcium levels, cells were washed with PBS and decalcified with 0.6
mM HCI at 4°C for 24 h. Subsequently, intracellular calcium levels were measured with

a commercial colorimetric kit (Randox Laboratories, Ltd.) following the manufacturer’s
instructions and corrected for total protein concentration with a BCA Protein assay (Pierce;
Thermo Fisher Scientific, Inc.). Absorbances were read at a wavelength of 570 nm (calcium)
and 562 nm (protein) using a microplate reader (BioTek Instruments, Inc.).

Alkaline phosphatase (ALP) activity assay.

ALP activity was detected using a QuantiChrom™ Alkaline Phosphatase Assay kit
(Bioassay systems) according to the manufacturer’s protocol. ALP activity was normalized
based on the cellular protein content.

Reverse transcription-quantitative PCR (RT-gPCR).

The CellAmp™ Direct TB Green™ RT-qPCR Kit (Takara Bio, Inc.) was used to perform
gPCR without the need for RNA extraction from aortic valve tissues of mice and pAVICs.
RT was performed and gene expression was detected on an ABI QuantStudio 7 Flex Real-
Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The primers for
mouse or porcine target genes were listed in Table 1. Relative gene expression data was
normalized against GAPDH via the 2722CA method.

Western blotting.

Equal amounts of protein were extracted with the NE-PER Nuclear and Cytoplasmic
Extraction reagent (Pierce; Thermo Fisher Scientific, Inc.), separated by 10-15% SDS-PAGE
and electrotransferred to a PVDF membrane (EMD Millipore). The membranes were
subsequently blocked with 5% non-fat milk in TBS and incubated overnight at 4°C with
antibodies for Runx2 (1:1,000), BMP2 (1:2,300), Msx2 (1:1,000), p-Smad1/5 (1:1,000) and
GAPDH (1:1,000). Subsequently, the membranes were incubated with goat anti-rabbit 1gG
(H+L) Alexa Fluor 700 (1:20,000; cat. no. A-21038; Invitrogen; Thermo Fisher Scientific,
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Inc.) for 1 h at room temperature. Fluorescent detection was performed using the Odyssey®
CLX imaging system (LI-COR Biosciences).

Statistical analysis.

Results

All results were analyzed using IBM 24.0 software (IBM Corp.). Continuous variables are
expressed as the mean + SD. Comparisons of parameters among different groups were
performed using one-way ANOVA followed by Bonferroni’s multiple comparison test or
paired t-test. P<0.05 was considered to indicate a statistically significant difference.

Establishment and characterization of pAVICs.

Immunofluorescence staining of AVIC markers (a.-SMA and vimentin) was performed to
establish and characterize pAVICs, since these are a highly plastic population of resident
cells with the ability to differentiate into a variety of other types, such as myofibroblasts
or osteoblasts. Cells showed positive immunofluorescence staining for a-SMA (Figure.
1A) and vimentin (Figure. 1B). Cells were negative for non-specific fluorescence staining
(Figure. 1C).

EGB761 maintains pAVIC viability under warfarin treatment.

A CCK-8 kit was used to evaluate the cytotoxic effects of EGB761 on pAVIC viability under
warfarin treatment. The results showed that the cell viability was decreased upon EGB761
treatment in a dose-dependent manner, where 0.1 and 0.3 mg/ml EGB761 were the most
optimal and safe concentrations (Figure. 2).

EGB761 inhibits warfarin-induced aortic valve calcification both in vitro and in vivo.

A preliminary study was conducted to determine the effects of EGB761 on warfarin-induced
pAVIC calcification. Alizarin Red staining and intracellular calcium content were performed
to observe calcium deposition in pAVICs. The warfarin group showed obvious orange-red
mineralized nodules and increased intracellular calcium content compared with the NC
group (610.01+35.48 vs. 120.0£18.47 Yag/mg protein; P<0.05). In addition, EGB761 (0.3
mg/ml) presented an anti-calcification effect that decreased the number of orange-red
mineralized nodules and intracellular calcium content (313.36+£22.88 vs. 610.01+35.48
pg/mg protein; P<0.05) when compared with 0.1 mg/ml EGB761 (596.68+22.85 vs.
610.01+35.48 pg/mg protein; P>0.05). Therefore, 0.3 mg/ml EGB761 was chosen for
subsequent experiments (Figure. 3A and 3B).

We next evaluated whether EGB761 ameliorated warfarin-induced valve leaflet calcification
in vivo. We observed significantly calcium deposits in aortic valve leaflets in the mice after
warfarin treatment via von kossa staining, which was obviously attenuated in high-dosage
of EGB761 treatment (125 mg/kg/day), but the difference was not statistically significant in
low-dosage of EGB761 treatment (75 mg/kg/day) (Figure. 4A). Similarly, the percentage of
calcified valve area of mice treated with warfarin was significantly increased as compared
to the NC group (19.8+6.7 vs. 0.0+£0.0; P<0.05). 125 mg/kg/day EGB761 also attenuated
the calcified valve area (9.2+3.2 vs. 19.8+6.7; P<0.05). No significant difference of calcified
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valve area was observed between low-dosage of EGB761 treatment and warfarin group
(17.845.9 vs. 19.846.7; P>0.05) (Figure. 4B).

EGB761 suppresses warfarin-induced osteoblastic differentiation both in vitro and in vivo.

ALP activity is recognized as an early differentiation marker of osteogenic cells. Other
specific osteogenic markers include Runx2 and Msx2. To further investigate whether

the inhibitory effects of EGB761 on pAVIC calcification was associated with osteogenic
differentiation, ALP activity and the expression of Runx2 and Msx2 were detected. A
significant increase in ALP activity was observed in cells cultured in medium with warfarin
(5.998+0.682 vs. 2.873+0.277 U/mg protein; P<0.05), and this increase was significantly
inhibited by 0.3 mg/ml EGB761 treatment (3.680+0.286 vs. 5.998+0.682 U/mg protein;
P<0.05; Figure. 5A). The present study further investigated the expressions of Runx2

and Msx2 mRNA and protein. The results showed that the mRNA expression of Runx2

and Msx2 was increased in the warfarin group, and the aforementioned increase was
significantly reversed by 0.3 mg/ml EGB761 treatment (Figure. 5B and C). Runx2 and Msx2
protein expression was also significantly upregulated by warfarin, while this expression was
suppressed by 0.3 mg/ml EGB761 (Figure. 5D).

Moreover, as observed in vitro, 125 mg/kg/d EGB761 significantly downregulated
expression of aortic valve Runx2 and Msx2 gene expression compared to warfarin group
in vivo (Figure. 6A and B).

EGB761 alleviates pAVIC calcification via the BMP2/Smad1/5/Runx2 signaling pathway.

In order to further determine the potential molecular mechanisms of EGB761 repressing
warfarin-induced pAVIC calcification, the levels of BMP2 and its downstream target,
p-Smad1/5, were evaluated by RT-gPCR and western blotting. The mRNA and protein
expression of BMP2 was significantly increased when pAVICs were treated with warfarin,
while this increase was suppressed by EGB761 treatment (Figure. 7A and B). Once BMP2
binds to its receptor, Smad1/5 phosphorylation will be activated, in which p-Smad1/5

may translocate from the cytoplasm to the nucleus to upregulate the expression of
osteogenic biomarkers. p-Smad1/5 was detected in the nucleus and cytoplasm. The results
demonstrated that the levels of p-Smad1/5 in the nucleus were markedly upregulated in
pAVICs stimulated with warfarin compared with the NC group, while EGB761 reversed this
increase in expression. Meanwhile, the levels of p-Smad1/5 in the cytoplasm were markedly
downregulated in pAVICs stimulated with warfarin, while their levels in the EGB761 group
were obviously increased (Figure. 7C).

BMP2 attenuates the effects of EGB761 on inhibiting warfarin-induced pAVIC calcification.

To confirm whether the BMP-Smad signaling pathway was involved in mediating warfarin-
induced pAVIC calcification, rhBMP2 was used to neutralize the effects of EGB761 on
inhibiting warfarin-induced pAVIC calcification. rhBMP2 abrogated the inhibitory effects
of EGB761 on calcium deposition and calcium content in pAVICs incubated with warfarin
(Figure. 8A and B). In addition, rhBMP2 upregulated ALP activity and the expression of
osteogenic biomarkers Runx2 and Msx2 in pAVICs treated with EGB761 (Figure. 8C-E).
rhBMP2 also reversed the decrease in Runx2 protein expression by EGB761, while the
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increase in p-Smad1/5 levels in the cytoplasm by EGB761 was significantly inhibited by
rhBMP2 (Figure. 8F).

Discussion

Calcification is ubiquitous in the progression of various diseases, including atherosclerosis,
diabetes, hypertension, chronic kidney disease and dyslipidemia (20). Valve calcification

is the degeneration and fibrosis of valve tissue. The main pathological features are valve
leaflet thickening, matrix remodeling and calcium deposition. This ultimately leads to
valve stenosis and/or insufficiency, which seriously affects the normal function of the
valve (21,22). At present, CAVD is no longer considered to be a passive process of

valve degradation with age and calcium accumulation, but an actively-regulated progressive
disease (23). Increasing evidence from human and animal studies suggested that CAVD is
similar to the osteogenic differentiation process, which is strictly regulated by numerous
signaling pathways (24,25). Osteogenic differentiation is considered as a critical step in
the process of valve calcification. Therefore, the identification of mechanisms associated
with osteoblast differentiation may be a key regulatory point to prevent or delay valve
calcification.

EGB761 has received attention due to its well-known pharmacological effects in the modern
medicine treatment of cardiovascular disease. Several studies reported that the antioxidant
and antiplatelet role of EGB761 has been observed in a number of animal disease models
and clinical trials, including atherosclerosis (26), glucose and lipid metabolism (14), cerebral
ischemia (27), and Alzheimer’s disease (28). Recent studies have shown the protective
effects of EGB761 on the calcification of vascular smooth muscle cells /n vitro. Li et al

(16) found that EGB761 significantly reduced calcium deposition and inhibited osteogenic
differentiation in rat aortic vascular smooth muscle cells. Wang et a/ (17) additionally
reported that EGB761 prevented B-glycerophosphate-induced vascular smooth muscle cell
calcification by inhibiting the Wnt/p-Catenin signaling pathway. Therefore, it may be used
as a potential method for the clinical prevention and treatment of calcification.

In the present study, pAVICs incubated with therapeutic concentrations (10 uM) of warfarin
combined with low dose (1.6 mM) Pi was used as an artificially inducible AVIC calcification
model and to further investigate potential anticalcification and osteogenic differentiation
effects of EGB761 and its underlying molecular mechanisms.

Our previous research highlighted that 10 uM warfarin rapidly induced calcification /n vitro
(11). The data of the present study established that mineralized nodules and calcium content
were increased in the presence of 10 uM warfarin and 1.6 mM Pi, which was consistent with
the findings of previous reports investigating vascular calcification (8). Tsang et a/ (1) also
confirmed that 2.7 mM calcium potently induced AVIC calcification, whereas Pi treatment
alone had no effect, regardless of the concentration. Upon addition of EGB761, mineralized
nodules and intracellular calcium content significantly decreased, which may indicate that
EGB761 significantly inhibited warfarin-induced AVIC calcification and calcium deposition.
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In order to further investigate the inhibitory effects of EGB761 on AVIC osteogenic
differentiation, ALP activity (an important early osteogenic biomarker) and Runx2 and
Msx2 expression (biomarkers related to the phenotypic transition of bone formation) were
evaluated. The results revealed that ALP activity and expression of osteogenic differentiation
markers in AVICs were significantly increased. However, EGB761 reversed these effects
and thus, alleviated osteogenic differentiation in AVICs. Consistent with these in vitro data,
we also confirmed that administration of EGB761 significantly ameliorated aortic valve
calcification in warfarin-treated mice, as evidenced by decreased calcium deposits and the
expressions of osteogenic differentiation markers (Runx2 and Msx2) in the aortic valve.

Notch, BMP/Smad and Wnt/B-catenin signaling pathways have been identified to be
associated with AVIC osteogenesis and calcification (29-32). BMP/Smad is critical for
warfarin-induced AVIC osteogenesis and calcification (33). BMPs are reported to be
superfamily members of TGF-p and affect bone formation. BMP2 is a key factor that
promotes bone formation and osteogenic differentiation in calcified valves (34-37). In

a biglycan-induced calcification model, BMP2 expression was upregulated in human
AVICs (19). In addition, BMP2 increased inflammatory mediator expression to stimulate
osteoblast-like phenotype transformation of AVICs (38). Yang et a/ (39) showed calcified
nodule formation in AVICs stimulated with BMP2. Therefore, BMP2 signaling is expected
to be a therapeutic target for valve calcification in the future. The present data indicated
that when AVICs were stimulated with 10 pM warfarin, the protein levels of BMP2
significantly increased. Meanwhile, this was reduced upon EGB761 treatment compared
with the warfarin group (P<0.05). The results suggested that EGB761 alleviated warfarin-
induced AVIC calcification and osteogenic differentiation by inhibiting BMP2 expression.

Several studies demonstrated that BMP2 initiates signaling via binding to type-I and

type 11 BMP receptors (BMPR-1 and BMPR-I1, respectively). BMPR-I is phosphorylated
by BMPR-II kinase, which in turn activates receptor-regulated Smad. p-Smad, especially
Smad1/5/8, eventually translocates into the nucleus to modulate the transcription of target
genes, such as Runx2 and Msx2 (40-42). Western blot analysis further showed that the
levels of p-Smad1/5 in the cytoplasm were markedly downregulated when induced by
warfarin, and upregulated upon treatment with EGB761. The present study hypothesized
that EGB761 can suppress warfarin-induced pAVIC osteogenic differentiation by inhibiting
Smad1/5 phosphorylation to prevent its translocation from the cytoplasm to the nucleus.

To further verify the role of the BMP2/ Smad1/5/Runx2 signaling pathway on the inhibitory
effects of EGB761 on AVIC calcification, AVICs were treated with EGB761 in the presence
of rhBMP2. Consistent with our previous data, it was found that the addition of rhBMP2 to
EGB761 and warfarin-treated AVICs reversed the inhibitory effects of EGB761 on warfarin-
induced AVIC calcification. Calcium deposition and calcium content, which were inhibited
by EGB761 in the AVICs, were strengthened upon the addition of rhBMP2. The expression
of several osteoblastic transformation genes (Runx2, Msx2 and ALP), which were decreased
by EGB761, were also upregulated by rhBMP2. In addition, rhBMP2 also significantly
decreased the levels of p-Smad1/5 in the cytoplasm, which were upregulated by EGB761.
These results indicated that rhBMP2 counteracted the role of EGB761 in preventing the
translocation of p-Smad1/5 from the cytoplasm to the nucleus. The aforementioned results
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demonstrated that EGB761 inhibited AVIC calcification and osteogenic differentiation by
suppressing the BMP2/Smad1/5/Runx2 signaling pathway.

Conclusion

Funding

Taken together, the present study demonstrated for the first time that EGB761 can alleviate
warfarin-induced AVIC calcification by inhibiting BMP2 expression and repressing the
BMP2/Smad1/5/Runx2 signaling pathway, thus protecting against warfarin-induced AVIC
calcification. The present findings indicated that EGB761, as a therapeutic agent, may be
used to prevent or treat aortic valve calcification diseases.
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Figure 1.
Establishment and characterization of pAVICs. Cells were positive for (A) a-SMA and (B)

vimentin in pAVICs. (C) BSA (1%) was used as a negative control in order to exclude non-
specific fluorescence staining. Scale bar, 50 pm. a-SMA, a-smooth muscle actin; pAVICs,
porcine aortic valve interstitial cells.
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Figure 2.
Effects of EGB761 on pAVIC viability under warfarin treatment. pAVICs were treated with

warfarin and/or EGB761 at different concentrations (0.1, 0.3, 0.5 or 0.7 mg/ml). Cellular
viability was detected by a Cell Counting Kit-8 kit and defined as the percentage of the NC
group. n=6. "P<0.05 vs. warfarin group. pAVICs, porcine aortic valve interstitial cells; NC,
negative control.
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Figure 3.
EGB761 inhibits warfarin-induced calcium deposition in pAVICs. (A) Representative

Alizarin Red staining of plates (top) and microscopic images (x40 magnification; bottom).
Orange-red mineralized nodules indicate matrix calcium deposition. (B) Intracellular
calcium contents corrected for protein concentration. n=6. "P<0.05 vs. NC group; #P<0.05
vs. warfarin group. pAVICs, porcine aortic valve interstitial cells; NC, negative control.
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Figure 4.
EGB761 attenuates warfarin-induced aortic valve calcification in mice. (A) Representative

images of calcium deposits in aortic valve leaflet (von kossa) in mice of different groups
(x40 magnification). (B) The percentage of aortic valve area occupied by calcium deposits in
the mice treated with warfarin as compared to different dosage of EGB761. n=14 per group.
"P<0.05 vs. NC group; #P<0.05 vs. warfarin group. NC, negative control.
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Figure 5.
EGB761 suppresses warfarin-induced osteogenic marker expression in pAVICs. (A) ALP

activity was measured and normalized to protein content. (B and C) mRNA expression

of Runx2 and Msx2 in pAVICs was detected using reverse transcription-quantitative PCR.
(D) Representative immunoblots of Runx2 and Msx2 expression. n=6. “P <0.05 vs. NC
group; #P<0.05 vs. warfarin group. pAVICs, porcine aortic valve interstitial cells; NC,
negative control; ALP, alkaline phosphatase; Runx2, Runt-related transcription factor 2;
Msx2, homeobox protein MSX-2.
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Figure 6.
EGB761 suppresses warfarin-induced aortic valve osteogenic marker expression in mice.

(A) mRNA expression of Runx2 was detected using reverse transcription-quantitative PCR.
(B) mRNA expression of Msx2 was detected using reverse transcription-quantitative PCR.
n=14 per group. "P<0.05 vs. NC group; #P<0.05 vs. warfarin group. NC, negative control;
Runx2, Runt-related transcription factor 2; Msx2, homeobox protein MSX-2.
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Figure 7.

EGB761 blocks pAVIC calcification by inhibiting the BMP2/Smad1/5/Runx2 signaling
pathway. (A) BMP-2 mRNA expression was detected by reverse transcription-quantitative
PCR. (B) Representative immunoblot of BMP2 staining. (C) Representative immunoblot of
p-Smad1/5 expression in the nucleus and cytoplasm. n=6. *P <0.05 vs. NC group; #P<0.05
vs. warfarin group. pAVICs, porcine aortic valve interstitial cells; NC, negative control; p,
phosphorylated; BMP2, bone morphogenetic protein 2.
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Figure 8.
BMP2 attenuates the effects of EGB761 on inhibiting warfarin-induced pAVIC calcification.

(A) Microscopy images (x40 magnification; bottom). Orange-red mineralized nodules
indicate matrix calcium deposition. (B) Intracellular calcium levels corrected for protein
concentration. (C) ALP activity was measured and normalized to protein content. (D and
E) mRNA expression levels of Runx2 and Msx2 were detected by reverse transcription-
quantitative PCR. (F) Representative immunoblot of Runx2 and p-Smad1/5 expression in
the cytoplasm. n=6. “P<0.05 vs. warfarin group; *P<0.05 vs. EGB761 group. pAVICs,
porcine aortic valve interstitial cells; NC, negative control; p, phosphorylated; BMP2, bone
morphogenetic protein 2; ALP, alkaline phosphatase; Runx2, Runt-related transcription
factor 2; Msx2, homeobox protein MSX-2.

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2022 September 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Liuetal.

Table 1

Primer sequences used in quantitative real-time PCR

Gene name Primer sequences (5'—3")

Porcine Forward GGACGAGGCAAGAGTTTCAC
Runx2 Reverse ~ GTGGATTAAAAGGACTTGGTGC
Porcine Forward GGAGCTAGCACT GAGCGAC
BMP2 Reverse  CGAAGTGAGGAGCCCAAGTT
Porcine Forward CTGGTGAAGCCCTTCGAGAC
Msx2 Reverse ~ AGGGCTCATATGTCTTGGCG
Porcine Forward GTCGGAGTGAACGGATTTGGC
GAPDH Reverse  CTTGCCGTGGGTGGAATCAT
Mouse Forward AGAGTCAGATTACAGATCCCAGG
Runx2 Reverse  AGGAGGGGTAAGACTGGTCATA
Mouse Forward CCGCCGCCCAGACATA

Msx2 Reverse CTTCCGGTTGGTCTTGTGTTTC
Mouse Forward AGGTCGGTGTGAACGGATTTG
GAPDH Reverse  TGTAGACCATGTAGTTGAGGTCA
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