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ABSTRACT

Vascular calcification is the heterotopic accumulation of calcium phosphate salts in the
vascular tissue and is highly correlated with increased cardiovascular morbidity and
mortality. In this study, we found that the expression of neuromedin B (NMB) and NMB
receptor is upregulated in phosphate-induced calcification of vascular smooth muscle cells
(VSMCs). Silencing of NMB or treatment with NMB receptor antagonist, PD168368,
inhibited the phosphate-induced osteogenic differentiation of VSMCs by inhibiting Wnt/p-
catenin signaling and VSMC apoptosis. PD168368 also attenuated the arterial calcification
in cultured aortic rings and in a rat model of chronic kidney disease. The results of this study
suggest that NMB-NMB receptor axis may have potential therapeutic value in the diagnosis

and treatment of vascular calcification.



INTRODUCTION

Vascular calcification is characterized by ectopic deposition of calcium phosphate in
the form of hydroxyapatite crystals in the vasculature (1). It has been commonly found in
aging, atherosclerosis, diabetes mellitus and chronic renal disease, and leads to increased
cardiovascular morbidity and mortality (2). VSMCs undergo biomineralization and
transdifferentiate into osteoblast-like or chondrocyte-like cells (3). Several studies have
suggest that many risk factors and specific drivers, such as elevated inorganic phosphate,
oxidative stress, growth factors, and pro-inflammatory cytokines, are involved in the active
regulation of calcification in VSMCs (4).

Originally isolated from amphibian skin, bombesin-like peptides consist of bombesin,
ranatensin, and phyllolitorin subfamilies (5). Subsequently, two mammalian bombesin-like
peptides, gastrin-releasing peptide (GRP) and neuromedin B (NMB), were identified (6).
Through their respective cognate receptors, both of these are involved in several
physiological and pathological functions, such as exocrine and endocrine secretions, stress
responses, inflammation, and cancers (7). Bombesin-like peptides are important for bone
remodeling, particularly for osteoclastogenesis and bone formation. GRP
stimulates osteoclast differentiation through the GRP receptor signaling (8). NMB-NMB
receptor signaling regulates the osteoclast formation by enhancing the proliferation and
survival of cells of this lineage (9) and osteoblasts in the autocrine or paracrine manner (10).
Accumulating evidence suggests that the process of bone remodeling is similar to that of
vascular calcification (11). We have recently shown that GRP inhibition ameliorates the
phosphate-induced vascular calcification in vitro and in vivo (12).

The present study was designed to determine the novel function of the NMB-NMB
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receptor axis in phosphate-induced vascular calcification and to identify the underlying
molecular mechanism(s) in VSMCs, which may provide a novel potential therapeutic target

for treating the diseases associated with vascular calcification.



RESULTS

Upregulation of NMB and NMB receptor expression in phosphate-induced calcification of
VSMCs
We first verified the induction of calcification in VSMCs using inorganic phosphate
(Pi). VSMCs were incubated with various concentrations of Pi-containing calcification
medium and then stained with Alizarin red S (ARS) to determine the deposited calcium
(13). As shown in Fig. 1A, calcium deposition increased dramatically at 2.6 and 3.5 mM Pi,
but no deposits were seen with normal growth medium. Calcium content and alkaline
phosphatase (ALP) activity in VSMCs was significantly induced under calcifying conditions
(Fig. 1B and C). Next, we measured the levels of expression of NMB and NMB receptors in
VSMCs with Pi-induced calcification. As shown in Fig. 1D, the expression of NMB and
NMB receptor mRNA was prominently increased in the calcified VSMCs. The levels of
NMB and NMB receptor proteins were significantly elevated in the calcified VSMCs (Fig.
1E). In addition, the level of secreted NMB protein progressively increased, with increasing

severity of VSMC calcification (Fig. 1F).

Inhibition of NMB reversed osteogenic transdifferentiation during vascular calcification
To examine the role of NMB in Pi-induced VSMC calcification, we used PD168368, a
specific antagonist of the NMB receptor (14), and NMB siRNA. The knockdown efficiency
of the NMB siRNA was evident with reduced levels of NMB mRNA and protein (S1 Fig).
As shown in Fig. 2A, when exposed to the calcifying medium, both NMB-silenced and
PD168368-treated cells showed significantly less calcium deposition. Calcium content and

ALP activity also suggested that NMB silencing as well as PD168368 treatment markedly



inhibited the calcification in VSMCs (Fig. 2B and C). Next, we evaluated the effect of NMB
inhibition on the Pi-induced osteogenic differentiation of VSMCs. As shown in Fig. 2D,
increased expression of Runx2 protein, a specific osteogenic marker, was inhibited by NMB
silencing and PD168368 treatment. By contrast, the downregulation of calponin, a
contractile phenotype maker, was completely reversed by NMB siRNA and PD168368. The
immunofluorescence assay also showed that NMB silencing and PD168368 treatment
lowered the level of Runx2 protein and enhanced that of calponin protein in calcified VSMCs
(Fig. 2E). Furthermore, NMB silencing and PD168368 treatment upregulated the transcript
level of calponin and downregulated those of Runx2 in VSMCs that have undergone Pi-
induced osteogenic differentiation (Fig. 2F). Wnt/B-catenin signaling is known to be
involved in the phosphate-induced osteogenic differentiation of VSMCs (15). NMB
silencing and PD168368 treatment abolished the induction of Wnt3a, dephosphorylated [3-
catenin (Ser33/37/Thr41l), and phosphorylated p-catenin (Ser675) by 2.6 mM Pi (Fig. 2D).
In addition, given that the phosphorylation status of B-catenin can be achieved by glycogen
synthase kinase-3 (GSK-3p) (16), we studied the effect of NMB inhibition on GSK-3f in
calcified VSMCs. As shown in Fig. 2D, both NMB siRNA and PD168368 blocked the Pi-

induced phosphorylation of GSK-3p protein.

Inhibition of NMB suppressed apoptosis in VSMC during vascular calcification

Since apoptosis of VSMCs marks the initiation of vascular calcification (17), we
assessed the apoptosis in VSMCs using propidium iodide staining. Compared to untreated
cells, NMB-silenced and PD168368-treated VSMCs showed significantly less Pi-induced
apoptosis (reduction of apoptotic cells by 25.9% and 14.3%, respectively) (Fig. 3A).

TUNEL-positive apoptotic cells also decreased markedly when VSMCs were treated with



NMB siRNA or PD168368 (Fig. 3B). As shown in Fig. 3C, levels of cleaved-caspase-3 and
Bad proteins increased because of 2.6 mM Pi and decreased because of NMB silencing and
PD168368 treatment. These two procedures also significantly induced the expression of Bcl2
in calcified VSMCs (Fig. 3C). The excessive expression of Bad mRNA was inhibited by
NMB silencing and PD168368 treatment. By contrast, level of Bcl2 mRNA decreased in Pi-
treated VSMCs compared to that in control, and this was completely reversed in the presence

of NMB siRNA and PD168368 (Fig. 3D).

PD168368 attenuated the vascular calcification in ex vivo and in vivo

To assess whether NMB regulates vascular calcification ex vivo (18), thoracic aortas
were cultured in calcification medium with or without PD168368. As shown in Fig. 4A,
under high phosphate conditions, vascular smooth muscle layers of the aorta showed
extensive calcification, which was significantly reduced in those exposed to PD168368.
Ratio of calcified area also decreased in the presence of PD168368. Furthermore, the protein
expression of NMB and NMB receptor increased significantly in calcified aortic rings, but
decreased drastically in presence of PD168368 (Fig. 4B). We also evaluated the effect of
PD168368 on osteogenic differentiation and apoptosis in the calcified aortic rings. As shown
in Fig. 4C, treatment with PD168368 abolished the Pi-induced reduction of calponin, as well
as the enhancement of Runx2 to a great extent. Similarly, it reversed the reduction of Bcl2
and the promotion of Bad by Pi (Fig. 4C). Next, we adopted a rat model of chronic kidney
disease (CKD) with vascular calcification (19) to demonstrate the role of NMB in vascular
calcification in vivo. The blood biochemical parameters of the rat CKD model were
summarized in S1 Table. As shown in Fig. 4D, the aortas of CKD rats had extensive

calcification as compared with those from the sham rats. This was significantly alleviated in



the aortas of the animals from PD168368-treated CKD group, resulting in reduced deposition
of calcium as well as a small ratio of calcified area. The serum level of NMB was also
increased in CKD rats compared with sham rats, which was restored to normal levels by
PD168368 treatment (Fig. 4E). Finally, western blotting demonstrated that PD168368
treatment blocked the osteogenic conversion and apoptosis in the aorta of CKD rats (Fig.

4F).



DISCUSSION

Mounting data suggest the critical role of mammalian bombesin-like peptides and their
receptor signaling in the dysregulated vascular cell homeostasis. Both GRP and NMB
enhance endothelial migration and angiogenic tube formation during neovascularization
(20,21). The GRP-GRP receptor is involved in the development and progression of
atherosclerosis by stimulating the adhesion of monocytes to the activated vascular
endothelium and migration and proliferation of VSMCs (22,23). Calcification of the
coronary arteries is commonly associated with the advanced stages of atherosclerosis (24).
More work is needed to determine whether NMB can exert its effects on the vasculature,
accelerating the stages of atherosclerosis, including endothelial dysfunction, initiation of
atherosclerotic lesions, plaque progression, and destabilization and rupture of plaques.

Vascular calcification and bone disorder are often seen together in patients with CKD
and increase the risk of cardiovascular mortality (25). Emerging clinical studies have
demonstrated a relationship between the development of vascular calcification and
dysregulation of bone mineral density in patients with CKD, promoting the concept of bone—
vascular axis (26). The potential regulatory mechanisms and the shared molecular players
involved in this axis have not yet been established. Bombesin-like peptides and their
receptors may impact the bone homeostasis by modulating the differentiation, survival, and
proliferation of the osteoclast lineage cells. GRP promotes osteoclastogenesis by stimulating
the differentiation of osteoclast precursor cells into osteoclasts (8). Knockdown of NMB or
NMB receptors suppresses the proliferation of osteoclast precursor cells and prevents the
generation of osteoclasts (9). Wnt/B-catenin signaling could play a crucial role in the

regulation of high phosphate-induced calcification of VSMCs via the induction of osteogenic



genes such as Runx2 (15). The present study and other reports (27,28) demonstrated that
high phosphate induces two active forms of B-catenin, B-catenin dephosphorylated at
Ser37/Thr4l via the inactivation of GSK-3p through Ser9-phosphorylation and B-catenin
phosphorylated at Ser675, resulting in promotion its stability and transcriptional activity.
These changes were completely reversed by treatment with NMB siRNA or PD168368 (Figs.
2D), indicating that the NMB-NMB receptor axis could modulate high phosphate-induced
VSMC calcification via Wnt3a/p-catenin signaling pathway. In light of the present data,
these observations suggest that bombesin-like peptides may serve as the common regulators
of bone disorders and vascular calcification. In addition, it is necessary to address the specific
mechanism by which bombesin-like peptides act in the bone—vascular axis. We cannot
exclude the possibility that the bombesin-like peptides are related to the bone regulatory
proteins, such as RANK/RANK ligand/osteoprotegerin system (29) involved in the bone—
vascular axis.

Plasma GRP levels increase significantly in the rat model of nephrectomy-induced
uremia or adenine-induced CKD (30). Recently, serum proGRP levels have been reported to
be considerably elevated in acute renal injury and in patients with CKD, and they increase
with the severity of CKD (39). We demonstrated the elevated level of NMB in the serum of
the CKD rat model. It is necessary to evaluate the expression of NMB at different stages of
CKD and investigate whether they can be associated with the progression or severity of
arterial calcification among CKD patients.

In the present study, we demonstrated that NMB-NMB receptor axis modulates the
phosphate-induced calcification of VSMCs, and aortic calcification in organ culture of rat
aorta ex vivo and in the aortas of rats with CKD in vivo. Our findings may help in

understanding the potential role of NMB in the pathogenesis of vascular calcification and
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offer a promising therapeutic target for the prevention and treatment of diseases associated

with vascular calcification.
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MATERIALS AND METHODS

All animal studies were conducted in accordance with the Guide for the Care and Use
of Laboratory Animals (NIH publication No. 85-23, revised 1996) and were approved by the
Institutional Animal Care and Use Committee at Pusan National University, Korea.

Reagents and antibodies

PD168368 was purchased from Tocris Bioscience. The antibodies against NMB and
NMB receptor were supplied by Thermo Fisher Scientific and Santa Cruz Biotechnology,
respectively. Antibodies against phospho-B-catenin (Ser33/37/Thr4l), phospho-p-catenin
(Ser675), B-catenin, phospho-GSK-33 (Ser9), GSK-3B, Runx2, total/cleaved-caspase-3,
Bcl2, and Bad were procured from Cell Signaling Technology. Wnt3a and calponin
antibodies were purchased from Abcam and anti B-actin antibody was from Bioworld
Technology.

Cell isolation and culture

VSMCs isolated from thoracic aortas of male Sprague—Dawley rats (3-week-old,
Samtaco) were cultured in Dulbecco's modified Eagle’s medium (DMEM) with 10% fetal
bovine serum and 1% antibiotics (all from Thermo Fisher Scientific) at 37 °C in a humidified
95% air and 5% CO. environment.

Induction and quantification of calcification

A solution of inorganic phosphate (Pi) (Na2HPO4 and NaH2POa, pH 7.4) was added to
the serum supplemented-DMEM at the final concentrations of 1.4, 2.6, and 3.5 mM. After
the indicated incubation period, cellular calcium content and ALP activity were determined
using calcium colorimetric assay kit (BioVision) and ALP assay kit (Takara), respectively.

ARS staining
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Cells grown on plastic supports were fixed with 4% paraformaldehyde and stained
with 1 mg/mL ARS (Sigma) solution for 30 min at 37 °C. Samples were rinsed, and the
stained calcium deposits were photographed. Once the images were acquired, calcium
deposits were destained and dissolved in 10% acetic acid. The absorbance at 420 nm was
measured using a multi-detection microplate reader (Dynex) to quantify the calcification.

Von Kossa staining

After dewaxing in xylene and rehydrating through a graded series of alcohol, slides
carrying tissue slices were soaked in distilled water and incubated in 1% silver nitrate
solution (Sigma) under a UV lamp for 15 min. They were subsequently soaked in 5% sodium
thiosulfate for 5 min and cleaned with distilled water; then, the sections were incubated with
nuclear fast red for 5 min at 23-25 °C and dehydrated using alcohol grade series.

Enzyme-linked immunosorbent assay (ELISA)

The amount of secreted NMB protein was determined using ELISA following the
manufacturer’s instructions (MyBioSource). The absorbance of the samples at 450 nm was
measured using an ELISA reader (Dynex), and the NMB levels were determined by
interpolating the values on to a standard curve generated according to the manufacturer’s
instructions.

Gene knockdown by small-interfering RNA (SiRNA)

The small interfering (si) RNA duplexes for rat NMB and a negative control siRNA
were bought from GenePharma. VSMCs were transfected using Amaxa Nucleofector (Lonza)
according to the manufacturer’s instructions.

Flow cytometry analysis
VSMCs were incubated in calcification medium for 7 days, washed twice in 1X PBS,

and fixed in chilled 70% ethanol. The cells were stained with 5 pg/mL propidium iodide
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(Sigma) at 23-25 °C for 10 min and analyzed using FACS Calibur (BD Bioscience). The
cell cycle profile was determined using the Modfit LT software.
TUNEL assay
Apoptotic cells were detected using the DeadEnd™ Fluorometric TUNEL System
(Promega) in accordance with the manufacturer’s instructions. Cells were incubated in
calcification medium for 7 days, fixed in 4% paraformaldehyde for 25 min at 4 °C, and
permeabilized with 0.2% Triton X-100 for 5 min at room temperature. Free 3'-ends of the
fragmented DNA were labeled in the TUNEL reaction mixture for 60 min at 37 °C in a
humidified chamber and visualized under a fluorescence microscope (Nikon).
Arterial ring calcification
The thoracic aortas were excised in a sterile manner from male Sprague—Dawley rats
(6-week-old, Samtaco). After removing the adventitia and endothelium, the vessels were cut
into 2-3-mm rings and placed in either calcification medium or normal culture medium at
37 °C in 5% CO3 for 10 days, with medium change once every 3 days.
Induction of CKD rat model
CKD was induced as described previously (31). Twelve-week-old male Wistar rats
(Orientbio) were randomly divided into four groups: sham, CKD, sham+PD168368,
CKD+PD168368. Animals from the sham groups were fed a normal diet, whereas those from
the CKD groups were fed a diet supplemented with 0.75% adenine for 8 weeks. For
PD168368 treatment, CKD mice were injected intraperitoneally with PD168368 (1.2
mg/kg/day) or vehicle (PEG 400, Sigma) three times a week for 8 weeks.
Quantitative real-time RT-PCR, western blot analysis, and immunocytochemistry
Quantitative real-time RT-PCR, western blot analysis, and immunocytochemistry

were performed as described in the Supplementary material.
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Statistical analyses
Data are the mean + standard deviation of at least three independent experiments.
Statistical comparisons between groups were performed by the one-way analysis of variance

followed by the Student t-test.
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FIGURE LEGENDS

Figure 1. Expression of NMB and NMB receptor in the phosphate-induced calcification
of VSMC. VSMCs were cultured in growth medium or calcification medium for 9 days. (A)
Calcified nodules were detected by ARS staining; nodules were photographed with a digital
camera (upper) and observed using a phase contrast microscope (lower). Scale bar: 50 um.
The absorbance of the released ARS was measured to evaluate the degree of mineralization
(right). (B and C) Total calcium content and ALP activity was measured. (D) Total RNA
was isolated and analyzed using quantitative real-time RT-PCR with the specific primers for
NMB and NMB-receptors. (E) The expression of NMB and NMB receptor protein was
examined using western blotting. (F) The secreted NMB protein in the cell culture medium

was measured using ELISA. *P < 0.05; **P < 0.01 vs. control.

Figure 2. Effect of NMB silencing and PD168368 treatment on the phosphate-induced
phenotype switching of VSMCs. After transfection with siRNA for NMB or negative
control, VSMCs were incubated in calcification medium. VSMCs were also cultured in
calcification medium with or without PD168368 (100 nM). After 7 days, calcified nodules
were detected by ARS staining and then absorbance was measured to evaluate the degree of
mineralization (A). (B and C) Total calcium content and ALP activity was measured. (D)
Changes in the levels of Runx2, calponin, Wnt3a, phospho-B-catenin (Ser33/37/Thr41),
phospho-B-catenin (Ser675), B-catenin, phospho-GSK-3p (Ser9), and GSK-3p proteins were
evaluated using western blotting. (E) Immunocytochemical staining of Runx2 (red) and
calponin (green) were visualized under a fluorescence microscope. Scale bar: 50 um. (F) The

MRNA levels of Runx2 and calponin were determined using quantitative real-time RT-PCR.
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*P < 0.05; **P < 0.01 vs. control or control siRNA, P < 0.05; #P < 0.01 vs. Pi.

Figure 3. Effect of NMB silencing and PD168368 treatment on phosphate-induced
apoptosis of VSMCs. After transfection with sSiRNA for NMB or negative control, VSMCs
were incubated with calcification medium with or without PD168368 (100 nM). (A)
Apoptosis was detected using flow cytometry with PI staining. (B) The apoptotic bodies in
VSMCs (green) were determined using TUNEL staining. DAPI (blue) stains nuclear DNA.
Scale bar: 50 um. (C) Changes in total/cleaved-caspase-3, Bcl2, and Bad were estimated
using western blotting. (D) Using quantitative real-time RT-PCR, the expression levels of
Bcl2 and Bad mRNA were quantified. *P < 0.01 vs. control or control siRNA, *P < 0.01 vs.

2.6 mM Pi.

Figure 4. Effect of PD168368 on the aortic calcification in ex vivo and in vivo. Pieces of
rat aortas were cultured in calcification medium without or with 100 nM PD168368. (A) The
calcified lesions were stained with von Kossa staining. Scale bar: 50 um. Percentage of the
calcified area was calculated using calcification analyzer. (B and C) Expression of NMB,
NMB receptor, Runx2, calponin, Bcl2 and Bad protein were examined using western blotting.
The CKD rats were fed a diet supplemented with adenine. For PD168368 treatment, CKD
rats were injected intraperitoneally with PD168368 or vehicle. (D) Calcified lesions in aortas
of sham and CKD rats were assessed using von Kossa staining. Scale bar: 50 um. The
percentage calcified area was calculated using calcification analyzer. (E) NMB protein levels
were assessed using ELISA. (F) Western blots were individually probed with antibodies
against Runx2, calponin, Bcl2 and Bad. *P < 0.05; **P < 0.01 vs. control or sham, *P < 0.05;

#P < 0.01 vs. 2.6 mM Pi or vehicle.
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S1 Fig. Effect of NMB knockdown in VSMCs. Cells were transfected with NMB siRNA or
negative control sSiRNA for 24 h. (A) NMB protein level was examined by western blotting using
anti-NMB antibodies. GAPDH served as the loading control. (B) Using real-time RT-PCR, the
expression level of NMB was also quantified. *P<0.01 vs. control siRNA. Data shown are the

mean + SD, obtained for at least three independent experiments.



Supplementary Tables

S1 Table.

Suygoups  n  SOWWSN SN T creatnne prospie  Catt
Normal+vehicle 5 319.08+5.13 15.31+3.24 0.24+0.06 2.51+0.15 9.50+0.57
Normal+PD168368 5 323.28+5.25 14.06+1.05 0.25+0.07 2.40+0.34 9.37+0.78
CKD+vehicle 7 249171534 166.27+14.33* 2.81+0.47*  4.87+1.18* 11.35+0.72*
CKD+PD168368 7 255.92+7.07 165.38+2.63 2.74+0.46 4.55+1.23  11.29+0.72

S1 Table. Physical and biochemical parameters in CKD rats. CKD rats were fed a diet

supplemented with 0.75% adenine for 8 weeks. For PD168368 treatment, CKD rats were injected

with PD168368 (1.2 mg/kg/day) or vehicle (PEG 400) three times a week for a total 8

weeks. Body weight, and the serum levels of blood urea nitrogen (BUN), creatinine, phosphate,

and calcium in each group of mice were measured using colorimetric assay kits. *P<0.01 vs.

normal. Data shown are the mean + SD, obtained for at least three independent experiments.

S2 Table.
Genes Accession No. Sequences (5" — 37) Length({bp)
oo Moy [ ACOSMMICOTOCSTON i
e ooy Fonerd CTATCACCOAABSACEAS
NBR  NMOT27992 R eATecoTaCTATTCc 12D
oponn  DwsT1  fon CAMCAGOTOCOCOAOMMAT

S2 Table. Primer sequences for real-time RT-PCR.
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Materials and methods

Quantitative real-time RT-PCR
Quantitative real-time RT-PCR was performed using SYBR[] Green (Roche Applied
Science). Experimental parameters included 1 cycle at 95°C for 10 min, followed by
amplification for 30 cycles at 95°C for 10 s, 57°C for 5 s, and 72°C for 7 s. The entire cycling
process, including the data analysis, took less than 60 min and was monitored using the Light
Cycler software (version 4.0). Sequences of the oligonucleotide primers used are listed in S2

Table.

Western blot analysis
Harvested cells were lysed in RIPA buffer (Sigma). Proteins (30 ug/lane) were separated by

SDS/PAGE and transferred to nitrocellulose membranes (GE Healthcare Life Sciences).
Membranes were blocked with 5% skim milk in TBS containing 0.1% Tween-20 for 60 min
and probed with the appropriate antibodies. The signal was detected using the enhanced
chemiluminescence (ECL) reagent (GE Healthcare Life Sciences).

Immunocytochemistry

Cells grown on coverslips were fixed in 4% paraformaldehyde for 10 min, washed with 0.5%

Triton X-100 in PBS for 5 min, and then incubated first with appropriate primary antibodies

followed by secondary antibodies conjugated with Alexa® 488 and Alexa® 594. Coverslips

were mounted in Vectastain containing DAPI (Vector Laboratories). Results were determined

using a fluorescence microscope (Nikon).



