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Abstract: Vascular calcification is common in patients with atherosclerosis, diabetes, renal disease and other ag-
ing diseases. In this study, endothelial cells (EC) and smooth muscle cells (SMC) were isolated from apoE-deficient
(apoE-/-) and wild type (WT) mice. Co-cultures of EC and SMC were established to study the underlying mechanisms
of vascular calcification, based on the changes of vascular calcification-associated markers secreted by two types
of cells. The co-cultures were divided into the following four groups: apoE-/-EC and apoE-/-SMC (A), WT-EC and
apoE-/-SMC (B), WT-EC and WT-SMC (C), and apoE-/-EC and WT-SMC (D). The results showed that co-cultures with
apoE-/-EC and apoE-/-SMC could increase intracellular calcium content and alkaline phosphatase (ALP) activity in
EC and SMC, reduce 25-Hydroxyvitamin D_-1a-Hydroxylase (CYP27B1) expression in EC, whereas increased in SMC,
promote osteopontin (OPN) and bone morphogenetic protein-2 (BMP-2), whereas inhibit osteoprotegerin (OPG) and
matrix Gla protein (MGP) protein expression in EC and SMC, accelerate apoptosis of EC and SMC. All above results
suggested that co-culture of apoE-/-EC and apoE-/-SMC had the highest risk of vascular calcification, and apoE-/-EC
and apoE-/-SMC could also accelerate calcification of normal WT-SMC and WT-EC, respectively, through interactions
between EC and SMC. The interactions between EC and SMC played an important role in the pathogenesis process
of vascular calcification, and co-cultures of EC and SMC could be used as an ideal model for investigation of vascu-
lar calcification diseases.
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Introduction

Vascular calcification is common and clinically
significant in atherosclerosis, diabetes, hyper-
tension, renal disease and other aging diseas-
es [1-3]. Vascular calcification is no longer
regarded as a passive process of calcium phos-
phate crystals deposition. Recently, more stud-
ies confirmed that vascular calcification is a
regulated active process similar to that of bone
formation, but the exact mechanism remains
unclear [4-6]. Thus, the investigation of the
underlying mechanisms that might contribute
to the progression of vascular calcification is
necessary for developing effective preventive
and therapeutic strategies.

Some related factors, such as matrix Gla pro-
tein (MGP), bone morphogenetic protein-2

(BMP-2) and alkaline phosphatase (ALP), are
considered to played an extremely important
role in promoting blood vessel wall changes
[7, 8]. In some situations, the balance of vascu-
lar calcification-related factors is broken and
vascular calcification be capable of progress.
Vascular endothelial cells (EC) and smooth
muscle cells (SMC) are two main types of cells
in the blood vessel wall and are closely related
in structure and function [9, 10]. Studying EC
and SMC structural and metabolic interactions
is essential to understand vascular disorders
such as vascular calcification and atheroscle-
rosis.

The interactions between EC and SMC are piv-
otal to blood vessel development and function.
EC are in intimate proximity to and communi-
cate with SMC through hetero-cellular junctions
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and signaling molecules [10, 11]. SMC metabo-
lism, differentiation, proliferation and vasomo-
tion are regulated by EC, which has an impor-
tant role in maintaining a stable environment
within the vessel wall, and many physiological
and pathological processes [12]. The co-cul-
ture systems of EC and SMC enables cellular
communication via the growth factors, cyto-
kines and other soluble mediators secreted by
these two types of cells, and thus becomes a
very commonly used method to investigate vas-
cular calcification and atherosclerosis [11, 13,
14].

In this study, EC and SMC were isolated from
apoE-deficient (apoE-/-) mice and wild type
(WT) mice, and the expression of 25-Hydroxy-
vitamin D_-la-Hydroxylase (CYP27B1), osteo-
pontin (OPN), osteoprotegerin (OPG), matrix Gla
protein (MGP), bone morphogenetic protein-2
(BMP-2), calcium content and alkaline phos-
phatase (ALP) activity in both types of cells
were examined. In vitro model of vascular calci-
fication using the co-culture of EC and SMC was
established based on the changes in a series
of vascular calcification-associated markers
secreted by two types of cells. The ultimate aim
is to ascertain role of the interactions between
EC and SMC in the pathogenesis of vascular
calcification diseases.

Materials and methods
Animals and dissection

Six-week-old male WT mice and apoE-/-mice
were purchased from the Animal Center of
Beijing University (Beijing, China), and main-
tained individually in a specific-pathogen-free
barrier facility with a 12-hour light cycle. Animal
experimental protocols were approved by the
Committee on Animal Care of Hainan University
and the procedures were performed in accor-
dance with the guidelines for the institutional
Animal Care and Use Committee. Mice were
anesthetized with an intraperitoneal injection
of ketamine (100 mg/kg) and xylazine (20 mg/
kg). The thoracic aortas were dissected after
sacrifice and immersed in modified Krebs solu-
tion of composition (mM): NaCl 115, KCI 4.7,
CaCl, 2.5, MgS0, 1.2, KH,PO, 1.2, NaHCO, 25,
EDTA 0.01 and glucose 11.1.

Laboratory measurements

Approximately 5 mg of thoracic aorta tissue
was homogenized in PBS and centrifuged at
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8000 g for 10 min at 4°C. The supernatant was
used to determine ALP activity by disodium
phenyl phosphate method according to the
instructions of the manufacturer (Beijing Le-
adman, Beijing, China). Vascular calcium con-
tent was measured by atomic absorption
spectrophotometer as previously described
[15]. Vascular calcium deposition in thoracic
aorta segments from 10-week-old apoE-/- and
WT mice was detected using von Kossa stain-
ing method. In briefly, aortic rings were embed-
ded in paraffin and cut into 6 um thick sections.
The sections were immersed with 5% silver
nitrate solution for 30 min under the sunlight,
washed with water, and treated with 5% sodium
thiosulphate solution for 1 min followed by
washing with water, and stained with 1% eosin
for seconds. The staining results were observed
and photographed under a light microscope
(Nikon, Tokyo, Japan).

Cell isolation and cultivation

EC and SMC were isolated from the thoracic
aortas of 10-week-old apoE-/-mice and WT
mice using a collagenase digestion protocol as
previously described [16]. The isolated cells
were cultured in M199 containing 10% FBS and
1% penicillin/streptomycin for EC and DMEM
supplemented with 10% FBS and 1% penicillin/
streptomycin for SMC, and incubated at 37°C
in a 5% CO, atmosphere. The cells were pas-
saged in a split ratio of 1:2. Antibodies to von
Willebrand factor and a-smooth muscle actin
were used to identify EC and SMC, respec-
tively.

Preparation of EC-SMC co-culture

Cells from apoE-/-mice and WT mice between
passages 3 and 6 were used to prepare EC-SMC
co-culture systems as described by Li [13].
Briefly, the co-culture systems of EC and SMC
were divided into the following four co-culture
systems: apoE-/-EC and apoE-/-SMC (A), WT-EC
and apoE-/-SMC (B), WT-EC and WT-SMC (C),
and apoE-/-EC and WT-SMC (D). The SMC
(1.5%10° cells/cm?) were seeded on the upper
membrane of Transwell inserts (Corning
Incorporated, Corning, NY, USA) and became
adherent after incubation for 12 h. The inserts
were placed in Transwell inserts, and the EC
(1.5%10° cells/well) were plated on the inner
surface of the membrane. Based on the differ-
ent requirements for the respective experi-
ments, these plates were co-incubated for 24
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Table 1. Mouse aortic vascular calcium content and ALP activity

Measurements WT mice apoE-/-mice t value P value
Vascular calcium content (ug/mg) 0.51+0.08 1.89+0.26"" 8.787 0.0009
ALP activity (IU/mg protein) 268.65+21.66 612.30+92.78™ 6.247 0.0033

“*P<0.001 and "*P<0.01 vs WT mice group.
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Figure 1. Vascular calcium deposits in aortae from
apoE-/- and WT mice (A), and CYP27B1 gene expres-
sion in EC and SMC from apoE-/- and WT mice (B).
“P<0.001 and "*P<0.01 vs WT mice group.

h, 48 h, and 72 h at 37°C in a 5% CO2 atmo-
sphere to form four groups of EC-SMC co-cul-
ture systems.

Quantitative real-time PCR

Total RNAs were extracted from EC and SMC,
and the isolated EC and SMC from co-cultures
using the RNeasy mini kit (Qiagen, Hilden,
Germany) and the reverse transcription was
performed in the reverse transcription kit
(Promega, Madison, WI, USA), according to their
manufacturer’s instructions. The quantitative
real-time PCR was carried out using an ABI
Prism 7700 instrument (Applied Biosystems,
Foster City, CA, USA). The primers were de-
signed by PyroMark Assay Design 2.0 (Qiagen,
Hilden, Germany) and synthesized by Beijing
Genomics Institute (Beijing, China). The primer
sequences for CYP27B1 were forward strand
5-CATCATGGGCAGAGC-ACCGT-3 and reverse
strand 5-TCACCATCCGCCGTTAGCAA-3. The
PCR reaction was amplified using 40 cycles of
denaturing for 40 s at 95°C, annealing for 40 s
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at 58°C and extending for 40 s at 72°C with a
fluorescence detection system. Relative quanti-
fication of mMRNA levels was calculated based
on a ratio of each target gene concentration to
housekeeping gene B-actin concentration.

Western blotting

Thoracic aorta tissue samples were homoge-
nized in ice-cold tissue lysate buffer according
to the manufacturer’s instructions (Beyotime,
Haimen, China). EC and SMC, and the isolated
EC and SMC from co-cultures were washed with
PBS, gathered and homogenized in ice-cold
lysis buffer following the manufacturer’s ins-
tructions (Beyotime, Haimen, China). The cell
and tissue lysates were centrifuged at 48°C
and the total protein concentration of the
supernatant was determined using the BCA
protein assay kit (Pierce Chemical Co., Rock-
ford, IL). Equal amounts of proteins were load-
ed on SDS-PAGE and transferred onto nitro-
cellulose membranes. The membranes were
blocked with 5% nonfat dry milk in TBS-T (Tris-
buffered saline containing 0.1% Tween-20)
for 2 h at room temperature, and incubated
with the designated primary antibodies over-
night at 4°C and then with the appropriate sec-
ondary antibodies conjugated with HRP for 2 h
at room temperature. The protein bands were
visualized using the ECL Plus detection rea-
gent (Amersham Biotech, Piscataway, NJ), and
band densities were quantified with image
analysis software (Bio-Rad, Laboratories, Inc.,
California).

Cell apoptosis

EC and SMC were separated from 72 h co-cul-
ture systems, washed with PBS, and resus-
pended in the kit reaction buffer containing
propidium iodide and annexin V-FITC. After mix-
ing, samples were incubated for 1 h at room
temperature and then cell apoptosis was
detected using EPICS XL-4 flow cytometry
(Beckman, CA, USA). Flow cytometry data were
analyzed using the WINMDI software pack-
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Figure 2. Protein expression levels of OPN, BMP-2, OPG and MGP in tho-
racic aorta tissue from apoE-/- and WT mice. Lanes 1 and 2 represent pro-
tein bands of thoracic aorta tissue from apoE- and WT mice, respectively;

*P<0.05 vs WT mice group.

age (version 2.9, http://en.bio-soft.net/other/
WinMDI.html).

Statistical analysis

Statistical analysis was performed using
GraphPad Prism 5.01 (GraphPad software, San
Diego, CA). Data were expressed as the mean +
SD from three repeated experiments. The inde-
pendent sample t test was used to assess the
differences of two groups. Differences of EC or
SMC isolated from four co-culture systems
were analyzed with one-way ANOVA, followed by
Newman-Keuls test. P<0.05 was considered to
indicate a statistically significant difference.

Results

ApOE-/-mice exhibited the presence of signifi-
cant vascular calcification

Vascular calcium content and ALP activity in
10-week-old apoE-/-mice were significantly
increased compared with age-matched WT
mice group (Table 1). The results of von Kossa
staining showed that no calcium deposits were
observed in thoracic aorta of WT mice, but
massive calcium deposits were frequently
found in 10-week-old apoE-/-mice (Figure 1A
and 1B). CYP27B1 gene expression in EC from
apoE-/-mice was significantly lesser than that
in EC from WT mice, whereas CYP27B1 gene in
SMC from apoE-/-mice was significantly greater
than that in SMC from WT mice (Figure 1C).
OPN and BMP-2 protein expression in thoracic
aorta tissue of apoE-/-mice were significantly
higher than those of WT mice, while OPG and
MGP protein expression were significantly low-
er than those of apoE-/-mice (Figure 2). The
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EA WT mice
EZ3 apoE-/-mice

above data suggested that
apoE-/-mice were an ideal
model for investigating vascu-
lar calcification.

Co-cultures with apoE-/-EC
and apoE-/-SMC reduced

CYP27B1 expression in EC,
whereas increased in SMC

MGP BMP-2

Compared with other co-cul-
ture systems, CYP27B1 gene
expression in co-culture of
apoE-/-EC and apoE-/-SMC
(group A) gradually decreased
for EC (P<0.01) and increased
for SMC (P<0.01) with the extension of co-cul-
ture time. In addition, CYP27B1 gene expres-
sion in co-culture systems of group B and group
D was gradually decreased for EC (P<0.01) and
increased for SMC compared with that of group
C, showing that apoE-/-EC and apoE-/-SMC
could accelerate calcification of normal SMC
and EC, respectively, and finally also increased
risk of vascular calcification (Figure 3). Trends
of CYP27B1 protein expression in EC and SMC,
and the isolated EC and SMC from co-cultures
were consistent with CYP27B1 gene expression
levels (data not show).

Co-cultures with apoE-/-EC and apoE-/-SMC
promoted OPN and BMP-2, whereas inhibited
OPG and MGP protein expression in EC and
SMC

EC and SMC separated from 72 h co-culture
systems were used to detect protein expres-
sion levels of OPN, BMP-2, OPG and MGP. The
results showed that protein expression levels
of OPN and BMP-2 were significantly higher,
and OPG and MGP protein expression were sig-
nificantly lower in the isolated apoE-/-EC and
apoE-/-SMC from co-culture systems than in
other isolated cells (Figure 4).

Co-cultures with apoE-/-EC and apoE-/-SMC
increased intracellular calcium content and
ALP activity in EC and SMC

EC and SMC were separated from 72 h co-cul-
ture systems and then used for detection of
intracellular calcium content and ALP activity
referring to the above method (Laboratory mea-
surements). Both intracellular calcium content
and ALP activity were significantly increased in

Int J Clin Exp Med 2017;10(6):9038-9046
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Figure 3. CYP27B1 gene expression in EC and SMC isolated from four co-culture systems for 24 h (A), 48 h (B), and
72 h (C). Group A, Group B, Group C and Group D represent the co-culture system of apoE-/-EC and apoE-/-SMC,
WT-EC and apoE-/-SMC, WT-EC and WT-SMC, and apoE-/-EC and WT-SMC, respectively; **P<0.001, "*P<0.01 and

“P<0.05 vs group C.
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Figure 4. Protein expressions of OPN, BMP-2, OPG and MGP in EC and SMC
isolated from each co-culture system at 72 h. Lanes 1, 2, 3 and 4 represent
protein bands of EC isolated from Group A, Group B, Group C and Group D,
respectively; Lanes 5, 6, 7 and 8 represent protein bands of SMC isolated
from Group A, Group B, Group C and Group D, respectively; Group A, Group
B, Group C and Group D represent the co-culture system of apoE-/-EC and
apoE-/-SMC, WT-EC and apoE-/-SMC, WT-EC and WT-SMC, and apoE-/-EC
and WT-SMC, respectively; **P<0.001, "*P<0.01 and "P<0.05 vs group C.

the isolated apoE-/-EC and apoE-/-SMC from
co-culture systems compared with other iso-
lated cells. In addition, intracellular calcium
content and ALP activity in WT-SMC co-cultured
with apoE-/-EC were also higher than those in
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WT-SMC co-cultured with WT-
EC, implying that apoE-/-EC
could increase intracellular
calcium content and ALP
activity in WT-SMC co-cul-
tured with it (Table 2).

Co-cultures with apoE-/-EC
and apoE-/-SMC accelerated
apoptosis of EC and SMC

Cell apoptosis analysis show-
ed that EC and SMC isolated
from co-culture of apoE-/-EC
and apoE-/-SMC had the high-
est apoptosis rate (group A)
compared to those from other
three groups. More important-
ly, the apoptosis rate of EC
and SMC in co-culture sys-
tems of group B and group D
was significantly higher than
that of group C (Figure 5), wh-
ich suggested that apoE-/-EC
and apoE-/-SMC could accel-
erate apoptosis of normal
SMC and EC co-cultured with
them, respectively.

Discussion
In the present study, vascular

calcium content and ALP ac-
tivity were significantly higher

in 10-week-old apoE-/-mice than in age-ma-
tched, and massive calcium deposits were
observed in thoracic aorta of apoE-/-mice,
which showed an increased vascular calcifica-
tion in apoE-/-mice and were consistent with

Int J Clin Exp Med 2017:10(6):9038-9046
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Table 2. Calcium content and ALP activity in EC and SMC isolated from each co-culture system at 72 h

EC

SMC

Groups

Calcium (ug/mg) ALP (IU/mg protein) Calcium (ug/mg)  ALP (IU/mg protein)

0.65+0.02""
0.38+0.02"

apoE-/-EC and apoE-/-SMC
WT-EC and apoE-/-SMC
WT-EC and WT-SMC 0.29+0.03
apoE-/-EC and WT-SMC 0.64+0.06™""

506.20+62.65""
213.56+16.98
198.26+26.11

511.33+88.21"""

687.36+112.89"""

703.66+110.25""
222.38+19.37
316.66+34.60

0.96+0.03"""

0.92+0.06"""
0.35+0.02
0.41+0.03

“*P<0.001 and "P<0.05 vs group C.

previous researches [17, 18]. Therefore, EC and
SMC were isolated from apoE-/-mice and used
to develop an in vitro model of vascular calcifi-
cation. As expected, co-culture of apoE-/-EC
and apoE-/-SMC had the highest calcium con-
tent and ALP activity. But more importantly, we
found that apoE-/-EC could also significantly
increase calcium content and ALP activity in
WT-SMC co-cultured with it.

The 1la, 25-Dihydroxyvitamin D, as an active
metabolite of vitamin D, could exert actions
including suppression of vascular calcification
and inhibition of vascular smooth muscle pro-
liferation. However, the concentration of active
vitamin D was regulated by the vitamin D-
activating enzyme CYP27B1 [19-21]. In our
study, CYP27B1 mRNA and protein expression
levels were significantly decreased in EC and
increased in SMC from apoE-/-mice compared
with those from WT mice. In four EC-SMC
co-culture systems, CYP27B1 gene and pro-
tein expression in co-culture of apoE-/-EC and
apoE-/-SMC were the lowest for EC and the
highest for SMC at each corresponding co-cul-
ture time, suggesting the highest risk of vascu-
lar calcification. While CYP27B1 gene and pro-
tein expression in co-culture systems of group
B and group D were also significantly lower for
EC and higher for SMC than that of group C,
showing that apoE-/-EC and apoE-/-SMC could
accelerate calcification of normal SMC and EC,
respectively, and finally increased risk of vascu-
lar calcification.

BMP-2, an important molecule in the regulation
of bone formation and in vascular calcification,
can promote osteoblast differentiation and is a
potent inducer of vascular calcification [22,
23]. OPN exists in calcified vessels and can
serve as a vascular calcification marker [24,
25]. Both BMP-2 and OPN protein levels we-
re significantly elevated in thoracic aorta of
apoE-/-mice compared with those of WT mice.
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Analysis of in vitro co-cultures of EC and SMC
showed that protein expression of OPN and
BMP-2 was significantly higher in the isolated
apoE-/-EC and apoE-/-SMC from co-culture sys-
tems than those in isolated WT cells. MGP and
OPG were usually considered as calcification
inhibitors and protective against vascular ca-
Icification [26-28], and exhibited opposite tr-
ends with OPN and BMP-2 in thoracic aorta of
apoE-/-mice and in the isolated apoE-/-EC and
apoE-/-SMC from co-culture systems. These re-
sults confirmed that apoE-/-EC and apoE-/-SMC
in co-culture systems were more likely to lead
vascular calcification.

Previous studies suggested that apoptosis
resulted in calcification and could be a key reg-
ulator of vascular calcification [29, 30]. In the
present research, EC and SMC had the highest
apoptosis rate in co-culture of apoE-/-EC and
apoE-/-SMC, which indicated that interactions
between apoE-/-EC and apoE-/-SMC most pro-
moted apoptosis and finally could cause severe
vascular calcification. In addition, apoE-/-EC
and apoE-/-SMC could also accelerate apopto-
sis of normal SMC and EC co-culture with them,
respectively, and thereby increased risk of vas-
cular calcification.

Taken together, EC-SMC co-cultures were es-
tablished to investigative the role of interac-
tions between EC and SMC in vascular calcifi-
cation. By analyzing changes in a series of vas-
cular calcification-associated markers and fac-
tors, we revealed that co-culture of apoE-/-EC
and apoE-/-SMC showed the highest risk of vas-
cular calcification. Noting that apoE-/-EC and
apoE-/-SMC could also accelerate calcification
of normal WT-SMC and WT-EC, respectively,
through interactions between cells, and accord-
ingly increased risk of vascular calcification.
Thus, the co-culture systems of EC and SMC
were capable of not only ascertaining the
pathogenesis of vascular calcification, but also

Int J Clin Exp Med 2017;10(6):9038-9046
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providing an ideal model of vascular calcifica-
tion for drug screening.
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