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Vascular calcification is an actively regulated process that culminates in organized extracellular matrix mineral
deposition by osteoblast-like cells. The origins of the osteoblastic cells involved in this process and the un-
derlying mechanisms remain to be defined. We previously revealed that active transforming growth factor
(TGFb) released from the injured arteries mobilizes mesenchymal stem cells (MSCs) to the blood stream and
recruits the cells to the injured vessels for neointima formation. In this study, we used a low-density lipoprotein
receptor (LDLR)-deficient mouse model (ldlr - / - ), which develop progressive arterial calcification after having
fed high-fat western diets (HFD), to examine whether TGFb is involved in the mobilization of MSCs during
vascular calcification. Nestin + /Sca1 + cells were recruited to the diseased aorta at earlier time points, and
osteocalcin + osteoblasts and the aortic calcification were seen at later time point in these mice. Importantly, we
generated parabiotic pairs with shared blood circulation by crossing ldlr - / - mice fed HFD with transgenic mice, in
which all the MSC-derived cells were fluorescently labeled. The labeled cells were detected not only in the
peripheral blood but also in the arterial lesions in ldlr - / - mouse partners, and these blood circulation-originated
cells gave rise to Ocn + osteoblastic cells at the arterial lesions. Both active TGFb1 levels and MSCs in circulating
blood were upregulated at the same time points when these cells appeared at the aortic tissue. Further, conditioned
medium prepared by incubating the aortae from ldlr - / - mice fed HFD stimulated the migration of MSCs in the ex
vivo transwell assays, and either TGFb neutralizing antibody or the inhibitor of TGFb Receptor I kinase (TbRI)
antagonized this effect. Importantly, treatment of the mice with TbRI inhibitor blocked elevated blood MSC
numbers and their recruitment to the arterial lesions. These findings suggest that TGFb-recruited MSCs to the
diseased vasculature contribute to the development of osteogenic vascular calcification.

Introduction

Vascular calcification is prevalent in cardiovascular
disease, diabetes, and chronic kidney disease [1–3]. The

health impact of vascular calcification is also striking: in-
creased morbidity of hypertension, left ventricular hyper-
trophy, and heart failure caused by aortic stiffness in addition
to increased frequencies of myocardial infarction, stroke,
amputation caused by plaque instability, and rupture in small
arteries [4–8]. The mechanisms involved in the pathogenesis
of vascular calcification remain largely unknown, and no
therapy is currently available to prevent and reverse the
calcification of vasculature. Early theories considered vas-
cular calcification to be a passive process that occurred as a
nonspecific response to tissue injury or necrosis; however,
evidences over the past two decades suggest that it is an

actively and tightly regulated process as recapitulation of
bone formation through deposition of minerals in extracel-
lular matrix by osteoblast-like cells [9–11].

The origins of the osteoblastic cells in arteries are con-
troversial and remain to be defined. It has been proposed
that most of the osteochondrogenic cells in media layer may
be transdifferentiated from medial smooth muscle cells in
situ [12]. Other studies have demonstrated the mesenchy-
mal-derived progenitor cells in the vessel wall, including
microvascular pericytes, retain an osteochondrogenic po-
tential [13,14] and are most likely involved in vascular
calcification. Moreover, a recent ‘‘Circulating Cell Theory’’
suggested that bone marrow-derived circulating stem cells/
osteoprogenitors home to diseased arteries and contribute to
vascular calcification [15–18]. Mesenchymal stem cells
(MSCs), in particular, have the ability to differentiate into
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many cell types such as osteoblastic- and chondrogenic-
lineage of cells. Both human and animal studies demon-
strated that MSCs/osteoprogenitors can be mobilized into
blood circulation [19–24]. Supporting this notion, our recent
study demonstrated that MSCs were mobilized into the
blood stream and further migrated to the injured vessel wall
[25], where they commit and differentiate into either en-
dothelial cells to repair the injured vessels or fibroblasts/
myofibroblasts to form a pathological intima hyperplasia
[25]. Therefore, it is most likely that the migration of remote
MSCs from their original niche with subsequent activation
toward osteoblastic cells at the diseased vessels also plays a
role in the vascular calcification process.

It is believed that pro-migratory factor(s) released from
damaged/inflammatory tissue or cells stimulate the directed
migration of stem cells from peripheral blood or surrounding
tissue to the target sites [26–29]. These migratory factor(s) may
also diffuse into circulation and lead to the mobilization of the
cells from their original niche into peripheral blood. We re-
cently revealed that active transforming growth factor 1
(TGFb1) released from tissue matrix in response to tissue re-
modeling or injury acts as a pro-migratory factor to induce
MSC migration to participate in normal or pathological tissue
repair/remodeling [25,30]. Moreover, active TGFb also regu-
lates the mobilization of these cells in the process [25]. Thus,
unlike hematopoitic stem cells, the mobilization of which is
regulated by granulocyte colony-stimulating factor (G-CSF)
through disruption of CXCR4-CXCL12 axis in bone marrow,
MSCs are mainly mobilized by active TGFb. Several studies
showing that G-CSF failed to stimulate MSC mobilization [31–
33] support the view that the mobilization of discrete subsets of
stem cells is regulated through different mechanisms.

On the basis of these findings, in the present study we
asked whether active TGFb is also a key factor that regu-
lates the mobilization of MSCs and their migration to par-
ticipate in osteogenic vascular calcification. Importantly,
elevated TGFb production or activation has been implicated
in the development of many vascular disorders including
vascular calcification [34,35]. Specifically, elevated TGFb
level and TGFb bioavailability to activate downstream
signaling were observed in calcified aortas [34–37]. How-
ever, the mechanisms by which TGFb contributes to the
pathogenesis of vascular calcification are largely unknown.
Here, we took advantage of a low-density lipoprotein re-
ceptor (LDLR)-deficient mouse model (ldlr - / - ) to deter-
mine the involvement of MSCs in the development of
arterial calcification and how TGFb regulates this process.
When ldlr - / - mice are fed high-fat western diet (HFD),
male animals develop obesity, diabetes, hyperlipidemia, and
atherosclerosis, with progressively severe arterial calcifica-
tion [38]. We found that nestin + /Sca1 + MSCs were elevated
in circulating blood at earlier time points (1 and 2 weeks)
after the ldlr - / - mice were fed HFD, and these cells were
recruited to arterial lesions where the arterial calcification
was eventually formed at later time point (12 weeks) after
the mice fed HFD. Further, chimerism and lesion formation
were investigated using a mouse parabiosis model in which
two mice were conjoined subcutaneously to build up cross-
circulation. Observation revealed that circulating cells were
exchanged between the two joined mice. Partner-derived
circulating MSCs were recruited and differentiated into
osteoblasts at the arterial lesions after the ldlr - / - mouse

partners were fed HFD. Both the elevated MSC numbers in
circulating blood and their recruitment to the arterial lesions
were abolished when mice were treated with the inhibitor of
TGFb Receptor I kinase (TbRI). In addition, in an ex vivo
aorta conditioned medium (CM)-based cell migration assay,
TGFb1 released from the diseased aorta stimulated the
migration of MSCs to the aortic lesions, and this effect is
mediated through Smad signaling activation.

Materials and Methods

Animals

ldlr - / - mice in the C57BL/6J background were pur-
chased from the Jackson Laboratory. The genotype was
confirmed in animals upon arrival and periodically in off-
spring using multiplex polymerase chain reaction (PCR).
Male ldlr - / - mice were fed chew diet (CHD, Tekland
Global 18% protein diet) after birth. At 2 months of age,
mice were either challenged with HFD (Harlan Teklad diet
TD88137; 42% fat calories, 0.2% cholesterol) or remained
on CHD for different periods of time (1, 2, 4, or 12 weeks).
Nestin-GFP mice were provided by Dr. Grigori Enikolopov
at Cold Spring Harbor Laboratory [39]. Nes-cre and C57BL/
6J-Gtrosa26 tm1EYFP (R26-EYFP) mice were purchased
from Jackson Lab. All animals were maintained in the an-
imal facility of the Johns Hopkins University School of
Medicine. The experimental protocol was reviewed and
approved by the Institutional Animal Care and Use Com-
mittee of the Johns Hopkins University (Baltimore, MD).

Parabiosis

Parabiotic surgery was performed as described previously
[40–42]. A male Nes-Cre; R26-EYFP or Nes-Cre (control)
mouse was surgically joined to a male ldlr- / - mouse.
Briefly, at 2 months of age, the mice were anesthetized, and
the hair of the dorsal and lateral aspects were removed, and
matching skin incisions were made from the shoulder to the
knee joint of each mouse. Approximate 1-cm incisions in the
peritoneum were made in each mouse, and the mice were
attached using 3-0 coated Vicryl (Ethicon). The dorsal and
ventral skin was stitched through continuous suture. In-
dividual parabiotic mouse pairs were placed in clean cages,
and food pellets were provided on the floor to minimize the
strain of reaching for food while adjusting to parabiotic ex-
istence. Established shared blood circulation was confirmed
by injection of Evans blue dye (Sigma-Aldrich). A total of
200 mL 0.5% Evans blue dye in saline was intravenously
injected into the sides of Nes-Cre; R26-EYFP mice. After the
cross-circulation of the two mice was confirmed, the mice
were fed either CHD or HFD for 2 or 10 weeks before the
mice were sacrificed. Blood and aorta tissue from the ldlr- / -

mouse of each parabiotic pair were collected for analysis.

Ex vivo aorta CM-based cell migration assays

To prepare vascular CM, mice were perfused with the
200 mL 0.9% saline and their ascending thoracic aortae
were isolated from the peri-adventitial tissue under a dis-
section microscope. The isolated aortae were flushed with
sterilized phosphate-buffered saline (PBS). Each aorta were
cultured in 24-well tissue culture plates with 500mL serum-
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free DMEM at 37�C. Two days later, the conditioned media
were collected and stored at - 80�C.

To collect bone marrow MSCs from Nestin-GFP mice,
the bone marrow from the femora and tibia was flushed in
FACS buffer containing 1 mg$mL - 1 bovine serum albumin
(BSA; Sigma), 10 mM HEPES (Sigma) pH 7.4, and 1%
penicillin-streptomycin (Invitrogen). After erythrocyte lysis,
CD45 - GFP + cells were further purified using an automated
cell sorter. GFP + cells were cultured in a-MEM medium
(Mediatech, Inc.) supplemented with 10% fetal bovine se-
rum (FBS; Atlanta Biologicals), 5% donor equine serum
(Thermo Scientific), 100 U/mL penicillin, and 100 mg/mL
streptomycin (Mediatech, Inc.) to expand.

Cell migration was assessed in 96-well Transwells (Corn-
ing, Inc.) as described previously [30]. The 8mm pore
membrane between the upper and lower chambers was pre-
coated with 0.5mg/mL type I collagen (BD Biosciences).
1 · 104 GFP + MSCs collected as described above in 100mL
serum-free MEM were plated in the upper chambers and
150mL undiluted conditioned media from the cultured aortae
were added to the lower chambers. After 10 h-incubation,
cells were fixed with 10% formaldehyde for 4 h, and then the
MSCs remained on the upper chamber membrane were re-
moved with cotton swabs. The cells that had migrated
through the pores to the bottom surface of the membrane
were stained with crystal violet (Sigma). Five fields at 200 ·
magnification were selected. Micrographic images were ob-
tained and the cell number on each image was counted.

Analysis of aortic calcium content

Aortic calcium content was measured as described [43].
Briefly, aortic segments were resected from ascending aorta,
weighed, heated, and speed evaporated. Subsequently, 10%
formic acid was added to extract the aortic calcium overnight
at 37�C. The samples were then centrifuged for 5 min at
13,200 rpm, and the supernatant was added to deproteiniza-
tion buffer (0.3 mL of glacial acetic acid and 3.8 mL of 1 N
KOH diluted to 50 mL with deionized water, pH 5.2). After
heating for 5 min at 95�C, samples were centrifuged 5 min at
13,200 rpm. The supernatant was mixed with freshly prepared
ortho-cresolphthalein complexone (OCPC) color reagent
(Sigma) as described [44]. The purple OCPC calcium com-
plex is spectrophotometrically determined by absorbance at
570 nm using a uQuant BIO-TEK plate reader.

Western blot analysis and ELISA of TGFb1
in plasma

Western blot analysis of cell lysates were performed as
described previously [45]. All blots were developed by the
enhanced chemiluminescence technique (Amersham). Le-
vels of active TGFb1 in plasma of mice were determined
using a DuoSet ELISA Development kit (R&D Systems) as
described previously [30].

Flow cytometry analysis

Flow cytometry analysis of MSCs in peripheral blood was
performed as described previously [25]. Blood samples were
collected from mice by cardiac puncture. After the process
of red blood cell lysis with commercial ACK lysis buffer
(Quality Biological, Inc.), cells were washed with 0.5% BSA

in PBS and then counted. 1 · 106/mL cells were incubated
with PE-conjugated anti-Sca1, PE/Cy7-conjugated anti-CD29,
PerCP- conjugated anti-CD45, and APC-conjugated anti-
CD11b antibodies or isotype control for 1 h at 37�C in dark
room, and then washed twice with 0.1% BSA in PBS.
Probes were analyzed using a FACSC alibur flow cytometer
and CellQuest software (Becton Dickinson).

Colony forming unit-fibroblast assays

Colony forming unit-fibroblast assays of bone marrow
cells were performed as described [46]. In brief, 1 · 106

murine marrow cells were plated into six-well plates in 3 mL
of a-MEM supplemented with glutamine (2 mM), penicillin
(100 U/mL), streptomycin sulfate (100mg/mL), and 20% lot-
selected FBS. Duplicate cultures were established. After 2 to
3 h of adhesion, unattached cells were removed, and
2.5 · 106 irradiated guinea pig feeder cells (provided by
Dr. Brendan J. Canning) were added to cultivation medium
of adherent cultures just after washing. On day 14, cultures
were fixed and stained with crystal violet. The colonies
containing 50 or more cells were counted.

Histological and immunohistochemical analysis
of the aortic and bone sections

The mice were exsanguinated under anesthesia. To study
the morphology of the arteries, vessels were perfused with
PBS followed by 4% paraformaldehyde by cannulating the left
ventricle. The aortic arch and the proximal descending tho-
racic aorta were harvested and cut into three segments of near
equal lengths (*2–3 mm long). The distal ends of the seg-
ments were embedded in paraffin. Serial cross sections of
5mm were prepared from the proximal ends of each segment.
Mineral deposition of the aortic tissue was visualized with
Alizarin Red (calcium) and von Kossa (phosphate) stains as
described previously [47]. Immunohistochemistry analysis of
aortic and bone tissue was performed using standard proto-
col as the manufacturer recommended (EnVision� System;
Dako). The sections were processed for antigen retrieval by
digestion in 0.05% trypsin (pH 7.8) for 15 min at 37�C, and
then incubated with primary antibodies against osteocalcin
(Ser463/465) (diluted 1:100; Takara), osterix (diluted 1:400;
Abcam), nestin (diluted 1:500; Aves Labs), Sca1 (dilute 1:40;
R&D), and active TGFb1 (LC(1–30) [48–50], kindly provided
by Dr. Kathy Flanders at NIH/NCI) overnight at 4�C. An
HRP-streptavidin detection system (Dako) was subsequently
used to detect the immunoactivity followed by counterstaining
with hematoxylin (Sigma). Sections incubated with 1% non-
immune serum PBS solution served as negative controls.

Quantitative real-time PCR

Quantitative real-time PCR (qRT-PCR) was conducted as
described previously [51]. Briefly, total RNA for qRT-PCR
was extracted from aortic tissue using TRIzol reagent (In-
vitrogen) according to the manufacturer’s protocol. cDNA
was prepared with random primers using the SuperScript
First-Strand Synthesis System (Invitrogen) and analyzed
with SYBR GreenMaster Mix (QIAGEN) in the thermal
cycler with two sets of primers specific for each targeted
gene. Relative expression was calculated for each gene by
2 - CT method with GAPDH for normalization. Primers used
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for qRT-PCR were as follows: Col1A (NM_007742.3, 5¢-
GCGAAGGCAACAGTCGCT-3¢) and (5¢-CTTGGTGGTT
TTGTATTCGATGAC-3¢); Osteocalcin (NM_001032298.2,
5¢-CTGACCTCACAGATCCCAAGC-3¢) and (5¢-TGGTCT
GATAGCTCGTCACAAG-3¢); Runx2 (NM_001145920.1,
5’-CACTGCCACCTCTGACTTCT-3¢) and (5¢- GCTCTCA
GTGAGGGATGAAA-3¢); and GAPDH (NM_008084.2, 5¢-
AGGTCGGTGTGAACGGATTTG-3¢) and (5¢-GGGGTCG
TTGATGGCAACA-3¢).

Statistics

Statistical analysis was done using SAS software. The
unpaired two-tailed Student’s t-test and v2test were used to
calculate P values.

Results

Nestin + /Sca1 + cells are recruited to the arterial
lesions in ldlr - / - mice fed HFD for 1 or 2 weeks

It is known that HFD induces arterial calcification in male
ldlr - / - mice [38]. We examined whether ldlr - / - mice fed
HFD develop osteogenic calcification and if such miner-

alization is MSC-involved. Calcification/ossification was
observed in aortic tissue from mice fed HFD for 12 weeks
but not in mice fed CHD detected by Alizarin Red (Fig. 1A)
and von kossa staining (Fig. 1B). Calcification/ossification
was not found at earlier time points, that is, 1 and 2 weeks
after HFD. Consistently, calcium content in aorta tissue of
ldlr - / - mice fed HFD dramatically increased relative to that
of mice fed CHD (Fig. 1E). To determine whether the
mineralization of the aortic tissue is mediated by osteoblast-
like cells, we assayed the expressions of genes encoding
osteoblast differentiation markers including osteocalcin
(Ocn), ColA1, and Runx2 in aortic tissue. Ocn-positive cells
were only detected in aortic tissue of ldlr - / - mice fed HFD
for 12 weeks but not detected in those of ldlr - / - mice fed
CHD or mice fed HFD for shorter periods of time (1 or 2
weeks) (Fig. 1C, D). Further, mRNA expression levels of
Ocn, ColA1, and Runx2 were all significantly increased in
aortic tissue of ldlr- / - mice fed HFD for 12 weeks (Fig. 1F).
Thus, the formation of osteoblastic cells and the development
of calcification/ossification in aortic tissue showed a same
tempo-spatial pattern in ldlr- / - mice fed HFD.

We previously demonstrated that nestin + cells were re-
cruited to the injured arteries to participate in vascular

FIG. 1. Osteogenic calcification was formed in aortic tissue of ldlr- / - mice fed HFD for 12 weeks. Representative images
of Alizarin Red stain (A), von Kossa stain (B), and osteocalcin immunostain (Ocn, C) in aortae of ldlr- / - mice fed chew diet
(CHD) or high-fat western diets (HFD) for 1, 2, and 12 weeks. Arrows, Ocn+ cells. Scale bars: 100mm. (D) Number of
osteocalcin (Ocn) + cells were counted from four random high-power fields in 1 mm2 tissue area per aortic cross section. A
total of three aortic sections from each mouse, and five mice per treatment group were analyzed. *P < 0.001 versus CHD
group. (E) Calculation of the calcium content in the aortae of ldlr- / - mice fed CHD or HFD for 12 weeks. n = 5. *P < 0.001
versus CHD group. (F) Quantitative real-time PCR analysis of osteoblast marker genes (Col1A, collagen 1A; Ocn, osteocalcin;
and Runx2) in aortas of ldlr- / - mice fed CHD or HFD for 12 weeks. n = 5; *P < 0.01. PCR, polymerase chain reaction.
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repair/remodeling [25]. We then examined whether nestin +

cells were also recruited to the diseased arteries in ldlr - / - H
mice after HFD by immunohistochemical analysis of the
aortic tissue using antibodies against nestin and Sca1.
Nestin + cells (Fig. 2A, C) and Sca1 + cells (Fig. 2B, D)
were detected in aortic tissue of ldlr - / - mice fed HFD for 1
or 2 weeks but not in mice fed HFD for 12 weeks and in
mice fed CHD for all periods of time. Interestingly, nestin +

cells and Sca1 + cells showed the same pattern, that is, they
were localized near the intra-luminal side of the intimal
layer of the vessels in mice fed HFD for 1 week, but became
closer to the media layer in mice fed HFD for 2 weeks,
indicating a movement of these cells over time before vas-
cular calcification is formed. The earlier appearance of
nestin + /Sca1 + cells relative to Ocn + osteoblastic cells imply
that these cells may differentiate into osteoblastic lineage of
cells to participate in the calcification of the aorta in ldlr - / -

mice fed HFD.
We previously demonstrated that MSCs recruited from

the blood stream to the injured arteries contribute to arterial
repair/remodeling [25]. To examine whether blood-derived
MSCs may also participate in the development of osteogenic
calcification, we measured the numbers of the nestin + /
Sca1 + cells in blood at different time points after ldlr - / -

mice fed HFD by flow cytometric analysis. Sca1 + CD29 +

CD11b - CD45 - are commonly used cell surface markers
for isolation of MSC population. We found that the per-
centage of Sca1 + CD29 + CD11b - CD45 - MSCs in blood

were increased almost three-fold at 1 week, two-fold at 2
and 4 weeks, being unchanged at 12 weeks in HFD-treated
mice relative to that of the CHD-treated mice (Fig. 2E).
Same pattern was observed for the percentages of nestin +

cells in blood in HFD-treated mice (Fig. 2F).

Circulating nestin + MSCs are recruited
to the arterial lesions and differentiate
to osteoblastic cells in ldlr - / - mice fed HFD

To provide direct in vivo evidence for the migration of
nestin + cells from blood circulation into the aortic wall and
their differentiation into osteogenic cells, we generated
parabiotic pairs, in which male Nes-Cre; R26-EYFP mice
were surgically joined to male ldlr - / - mice (Fig. 3A). Nes-
Cre; R26-EYFP mice were generated by crossing mice
carrying a nestin promoter/enhancer-driven cre-recombinase
(Nes-cre) with C57BL/6J-Gtrosa26 tm1EYFP (R26-EYFP)
mice. Therefore, both nestin + cells and their descendants
can be marked by green fluorescence detected by immu-
nofluorescence staining of the tissue with GFP antibody.
The parabiotic mouse pairs were fed with either CHD (Para-
1) or HFD (Para-3) for 2 or 10 weeks. To avoid the non-
specific autofluorescence staining of the tissue, another
group of control parabiotic pairs (Para-2, Nes-Cre mice
joined to ldlr - / - mice and fed with HFD) were also used.
GFP + cells were found within the aortic lesions of ldlr - / -

mouse partners in Para-3 at both 2 and 10 weeks after the

FIG. 2. Nestin + /Sca1 + cells
are recruited to the arterial
lesions in ldlr - / - mice fed
HFD for 1 or 2 weeks. Im-
munohistochemical staining
of the aortae from of ldlr - / -

mice fed CHD or HFD for 1,
2, and 12 weeks with antibody
against nestin (A) or Sca1 (B)
as indicated. Arrows, positive
cells. Scale bars: 100mm.
Number of nestin+ cells (C)
or Sca1 + cells (D) were
counted from four random
high-power fields in 1 mm2

tissue area per aortic cross
section. A total of three aortic
sections from each mouse, and
five mice per treatment group
were analyzed. *P < 0.001
versus CHD group. (E, F)
Nestin + /Sca1 + cells numbers
are increased in circulating
blood at early time points in
ldlr - / - mice fed HFD. Flow
cytometry measured percent-
ages of Sca1 + CD29 +

CD11b - CD45 - cells (E) and
nestin + cells (F) in peripheral
blood of ldlr- / - mice fed
CHD or HFD for 1, 2, 4, and
12 weeks. n = 4, *P < 0.05,
**P < 0.01, versus CHD group.
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mice fed HFD (Fig. 3B, C), but they were undetectable in
ldlr - / - mouse partners in either Para-1 or Para-2. GFP +

cells in circulating blood were also significantly elevated at
2 weeks but not at 10 weeks after the mice fed HFD in
ldlr - / - mouse partners in Para-3 relative to Para-1 and
Para-2 control groups (Fig. 3D), indicating the mobilization
of GFP + cells from the Nes-Cre; R26-EYFP mouse partners
to ldlr - / - mouse partners mainly occur at earlier time point,
which is consistent with dynamic pattern of nestin + cells in
peripheral blood (Fig. 2F). Majority of these GFP + cells
( > 95%) are nestin + , Sca1 + , and CD45 - (Fig. 3E), and
therefore are considered as MSCs. Of note, Ocn + cells were
also detected in the aortic lesions of ldlr - / - mouse partners
in Para-2 and Para-3 at 10 weeks after the mice fed HFD
(Fig. 3B, F). However, Ocn + GFP + double positive cells,

which are descendants of nestin + cells derived from Nes-
Cre; R26-EYFP mouse partners through circulation, were
detected only in the aortic lesions of ldlr - / - mouse partners
in Para-3 but not in Para-2 (Fig. 3B, G). These results
clearly suggest that GFP + osteoblastic cells originating
from circulating nestin + MSCs were localized at the arterial
lesions and participate in active arterial calcification.

Bone marrow is a primary reservoir for nestin + MSCs
[39], which give rise to osteoprogenitors, preosteoblasts, and
mature osteoblasts for bone formation during bone growth
and bone remodeling. Accumulated studies have demon-
strated that low bone mineral density is associated with
increases in the risk of vascular calcification. As we detected
nestin + MSCs in aorta of ldlr - / - mice fed HFD, we ex-
amined whether MSCs in bone marrow and their osteogenic

FIG. 3. Circulating nestin +

MSCs are recruited to the
arterial lesions and differen-
tiate to osteoblastic cells in
ldlr - / - mice fed HFD. (A)
Schematic showing parabi-
otic pairings. (B) Rep-
resentative fields of double
immunofluorescence staining
of the aorta tissue sections
from ldlr - / - mouse partners
in Para-1 (left panels), Para-2
(middle panels), and Para-3
(right panels) at 2 weeks (up-
per panels) or 10 weeks (bot-
tom panels) with anti-GFP
and anti-Ocn antibodies. (C)
Quantification of the number
of GFP+ cells per tissue area.
(D) Flow cytometry measured
percentages of GFP+ cells in
peripheral blood of ldlr- / -

mouse partners at 2 or 10
weeks after CHD or HFD. (E)
Flow cytometry analysis of the
percentage of nestin+ , Sca1 + ,
and CD45+ cells in the sorted
GFP+ cell population. (F)
Quantification of the number
of Ocn+ cells per tissue area.
(G) Calculation of the per-
centage of GFP+ Ocn+ double
positive cells out of total
Ocn+ cells. Data from five
Para-1, five Para-2, and six
Para-3. *P < 0.001 versus
control (Para-2 group). MSCs,
mesenchymal stem cells.

TGFb RECRUITS MSCS DURING VASCULAR CALCIFICATION 1397



function in bone also altered. Osterix (Osx)-positive osteo-
progenitors and Ocn-positive osteoblasts were arrayed on
bone surface of the trabecular bone area of femur tissue
from ldlr - / - mice fed CHD. These cells were almost un-
detectable in those from mice fed HFD (Supplementary Fig.
S1A; Supplementary Data are available online at www
.liebertpub.com/scd). Quantitative data confirmed the dra-
matic reduction of Osx + and Ocn + cells in bone (Supple-
mentary Fig. S1B, C), indicating decreased osteogenesis
during bone remodeling in these mice. To determine the
changes of MSCs in ldlr- / - mice fed HFD, we measured the
frequencies of bone marrow Sca1+ CD29+ CD11b - CD45-

Cells by flow cytometry analysis. Much reduced frequencies
of Sca1+ CD29+ CD11b - CD45- cells were detected in bone
marrow suspension from ldlr- / - mice fed HFD for 12 weeks
relative to those in mice fed CHD (Supplementary Fig. S1D).
Further, colony-forming capacity of the cells from HFD-
treated mice was also significantly decreased (Supplementary
Fig. S1E). Therefore, while the MSCs appeared at the arterial
lesions, the number and osteogenic potential of these cells in
bone marrow were decreased.

CM prepared by incubating the aortae of the ldlr - / -

mice fed HFD stimulates the migration of MSCs

To examine the direct migration of MSCs in response to
the factor(s) released from the diseased arteries from ldlr - / -

mice, we took advantage of an ex vivo Aorta CM-based cell
migration assay previously established [25] and modified
slightly. In this assay, bone marrow CD45 - GFP + MSCs
sorted from Nestin-GFP mice were placed in the upper
chamber and the Aorta CM, prepared by incubating aortae
isolated from ldlr - / - mice fed CHD or HFD for 2 weeks
(Fig. 4A), was placed in the lower chamber of a transwell
chamber (Fig. 4B). Aorta CM prepared from the aorta of
HFD-treated mice significantly enhanced MSCs migration
compared with CM prepared from the aorta of CHD-treated
mice (Fig. 4C), indicating early changes of vascular tissue

such as inflammation and subsequent tissue damage after HFD
stimulated the released of pro-migratory factor(s) from the
aortic tissue, which induced the migration of MSCs to the
target sites. We also examined the possibility that factor(s) in
Aorta CM may stimulate the proliferation of MSCs. Cell
proliferation measured by population doubling time in cells
incubated in Aorta CM prepared from ldlr - / - mice fed CHD
and HFD, respectively, had no significant difference (Fig. 4D).

TGFbs released from the diseased aorta induce
the migration of MSCs to the aortic lesions

To examine whether active TGFbs are the pro-migratory
factor released from the aortic tissue in response to HFD, we
measured the levels of active TGFb1 in the aortic tissue
from CHD- or HFD-treated mice. Immunohistostaining
analysis showed that increased active TGFb1 level was seen
throughout the wall of the aorta in LDLR - / - mice fed HFD
for 1 and 2 weeks compared with that in CHD-treated mice
(Fig. 5A). We then performed the Aorta CM-based migra-
tion assay, in which we added either a neutralizing antibody
against TGFbs (1D11) [52] or an isotype-matched murine
IgG1 monoclonal control antibody (13C4) (kindly provided
by Genzyme, Inc.) in the CM prepared from the aorta of
HFD-treated mice. The migration of MSCs stimulated by
the CM was inhibited by 1D11 (Fig. 5B). We also examined
the key TGFb signaling pathway(s) that mediates this effect.
In canonical TGFb signaling pathway, TbRI/II complex
phosphorylates receptor-activated Smad2/3, which leads to
recruitment of Smad4 and the transcription of downstream
genes [53–55]. TGFbs also induce other (noncanonical)
pathways, including the RhoA and MAPK cascades, the
latter of which includes ERK, JNK, and p38 [56–58], which
ultimately activate transcription of different downstream
genes. The roles of canonical and noncanonical TGFb sig-
naling pathways in mediating MSCs migration stimulated
by diseased Aorta CM were detected. Addition of SB505124
(TbRI/Smads inhibitor) in the CM prepared from the aorta

FIG. 4. Conditioned medium prepared by incubating the aorta from ldlr- / - mice fed HFD stimulates the migration of
MSCs. (A) Diagrams show the preparation of aorta conditioned medium (Aorta CM). Ascending thoracic aortae were isolated
from ldlr- / - mice fed CHD or HFD for 2 week. The aortae were cultured in serum-free DMEM for 48 h, and culture media
were collected as CHD CM or HFD CM. (B) Diagrams show the Aorta CM-based migration assays. CMs collected from (A)
were placed in the lower chamber of a transwell, and MSCs were placed in the upper chamber. (C) Migrated cells were stained
with crystal violet and counted. Numbers of migrated cells in Aorta CM-based migration assays using control DMEM, CHD
CM, or HFD CM were counted per field of view (FV, · 200 magnification). n = 4. *P < 0.001 versus CHD group. (D)
Population doubling time (PDT) of the cells incubated with control DMEM, CHD CM, or HFD CM was calculated.
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of HFD-treated mice significantly suppressed the migration
of MSCs to the level of that with the CM prepared from the
aorta of ldlr - / - C mice, whereas Y27632 (RhoA inhibitor),
U0126 (ERK inhibitor), SB202190 (p38 inhibitor), or
SP600125 ( JNK inhibitor) had marginal effect (Fig. 5C).
Consistently, CM prepared from the aorta of HFD-treated
mice stimulated the phosphorylation of Smad2/3 (p-Smad2/
3), a key event in canonical signaling activation (Fig. 5D).
Addition of either TGFb neutralizing antibody (1D11) or
SB-505124 alone significantly reduced the p-Smad2/3 level.
In addition to the signaling elicited by the three isoforms of
TGFb, TGFb receptor kinase inhibitor SB-505124 also in-
terferes the signaling of other ligands such as activins and
inhibins. We found that the level of p-Smad2/3 was not
further reduced with combination treatment of 1D11 and
SB-505124 relative to that of individual reagent-treated cells
(Fig. 5D). The results suggest that TGFbs are primary fac-
tors released by the diseased arteries in inducing the mi-
gration of MSCs, and other ligands such as activins and
inhibins may be involved in this event. CM prepared from
the aorta of ldlr - / - mice fed HFD stimulated osteogenic
differentiation detected by Alizarin Red staining. Neu-
tralizing antibody of TGFbs, however, did not inhibit the

effect (Fig. 5E). The results suggest that growth factor(s)/
cytokine(s) other than TGFb released from the diseased
aorta induced the differentiation of the cells toward osteo-
blast lineage.

Active TGFb1 is essential to induce the mobilization
of MSCs to the circulating blood and their migration
to the aortic lesions in ldlr - / - mice fed HFD

We have shown that the active TGFb1 stimulates the
mobilization of MSCs into circulating blood in response to
vascular injury [25]. We therefore investigated whether
TGFb1 exerts similar effect on these cells in ldlr - / - mice
fed HFD, eventually leading to osteogenic vascular calcifi-
cation. We measured the levels of TGFb1 in peripheral
blood. While the total TGFb1 levels in blood were not
changed at 1, 2, and 12 weeks after the mice fed HFDs (Fig.
6B), active TGFb1 levels in blood were elevated at 1 and 2
weeks but decreased at 12 weeks after the mice fed HFDs,
as detected by ELISA (Fig. 6A). The ratios of active to total
TGFb1 levels were in a similar pattern (Fig. 6C). We then
examined whether TGFb is required for the mobilization of
the cells. TbRI inhibitor SB-505124 (SB) was injected daily

FIG. 5. TGFb1 released from the diseased aorta induces the migration of MSCs to the aortic lesions. (A) Im-
munohistochemical staining of active TGFb1 in aorta of ldlr - / - mice fed CHD or HFD for 1 or 2 weeks. (B) Numbers of
migrated MSCs in Aorta CM-based migration assays using CHD CM or HFD CM with 10 mg/mL neutralizing TGFb
antibody (1D11) or same concentration of control antibody (13C4) were counted per field of view (FV, · 20 magnification).
n = 4. *P < 0.01. (C) Numbers of migrated cells in Aorta CM-based migration assays using HFD CM with addition of
individual inhibitors (2 mM SB505124, 10mM Y27632, 10mM SB202190, 10 mM U0126, and 10mM SP600125). Numbers
of migrated cells and differentiated cells were counted per field of view. n = 4. *P < 0.001, versus vehicle control. (D) MSCs
were incubated with CHD CM or HFD CM with addition of 10mg/mL control IgG antibody (13C4) or TGFb neutralizing
antibody (1D11) together with vehicle or 2mM SB505124 as indicated for 2 h. Protein was extracted from MSCs, and western
blot analysis was conducted using antibodies against phosphorylated Smad2/3 (p-Smad2/3) or total Smad2/3, respectively. (E)
Alizarin Red staining of the MSCs incubated with control DMEM, CHD CM, or HFD CM with addition of 10mg/mL
neutralizing TGFb antibody (1D11) or same concentration of control antibody (13C4). TGFb1, transforming growth factor.
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FIG. 6. Active TGFb1 is required to induce the mobilization of MSCs to the circulating blood and their migration to the
aortic lesions of ldlr - / - mice fed HFD. ELISA analysis of active TGFb1 (A) and total TGFb1 (B) levels in plasma of
ldlr - / - mice fed HFD for 1, 2, and 12 weeks. C, Ratio of active/total TGFb1 is calculated. n = 6, *P < 0.05, **P < 0.01,
versus CHD group. Injection of TbRI blocker SB-505124 (SB, 1 mg/kg-b.wt., i.p. daily) blocked mobilization of MSCs
following arterial injury. Flow cytometrical quantitation of the numbers of Sca1 + CD11b - CD45 - cells (% of total cell
counted) in blood of ldlr - / - mice fed HFD for 2 weeks with either SB or vehicle treatment. Representative flow cytometry
analysis images are shown in (D). Quantified results are shown in (E). Results are mean – SD, n = 3 mice per group per time
point, *P < .001 versus respective vehicle-treated mice. (F) Immunohistochemical staining of the aortae from ldlr - / - mice
fed HFD for 2 weeks with either TbRI blocker SB-505124 (SB, 1 mg/kg-b.wt., i.p. daily) or vehicle treatment using
antibody against Sca1 (upper panels) and nestin (bottom panel) as indicated. Scale bars: 100 mm. Number of Sca1 cells (G)
or nestin + (H) per mm2 tissue area (N.nestin + cells/T.Ar). n = 5. *P < 0.001 versus ldlr - / - C group. (I) Hypothetical model
indicating the recruitment of MSCs in arterial calcification. Active TGFb, released from the diseased arteries, stimulates the
migration of bone marrow/circulating-derived MSCs to the vascular lesions, where they differentiate into osteoblast-like
cells (OB) in response to other local osteogenic growth factor(s) to participate in vascular calcification. TbRI, TGFb
Receptor I kinase.
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into ldlr - / - mice fed HFDs for 2 weeks. Blocking of TbRI
signaling almost abolished the increase in Sca1 + CD29 +

CD11b - CD45 - cells in blood circulation (Fig. 6D, E). We
also examined whether TGFb is required for the recruitment
of nestin + /Sca1 + cells to the arterial lesions. Consistent with
Fig. 2, nestin + /Sca1 + cells were detected in the aortic tissue
from ldlr - / - mice fed HFD for 2 weeks. Notably, in TbRI
inhibitor-treated mice, both nestin + and Sca1 + cells were
undetectable on the vessel wall of the ldlr - / - mice fed HFD
(Fig. 6F–H).

Discussion

Recent animal and human studies highlight the potenti-
ality of blood circulation-derived stem cells/progenitor cells
to engraft into the pathological tissue to participate in the
calcification processes. However, direct evidence showing
the contribution of MSCs to vascular calcification is still
lacking. The present study, for the first time, demonstrates
that MSCs were mobilized into circulating blood and re-
cruited to the aortic tissue at earlier time points when vas-
cular calcification was not developed, whereas osteocalcin +

osteoblastic cells and the formation of calcification appeared
at later time point after HFD in ldlr - / - mice. Importantly,
the parabiosis mouse study provides direct evidence to
support the concept that blood circulation-derived nestin +

MSCs participate in osteogenic arterial calcification. Im-
portantly, both circulating nestin + /Sca1 + cell numbers and
nestin + /Sca1 + cells in the arterial lesions were dramatically
reduced after TbRI inhibitor treatment. Further, at the ear-
lier time point after HFD, CM prepared by incubating the
aorta from ldlr - / - mice stimulated the migration of MSCs
in the ex vivo assays. These findings suggest that nestin + /
Sca1 + cells mobilized to the circulating blood from the
remote sites (bone marrow or other tissues/organs) is one of
the sources of the osteoprogenitors at the arterial lesions that
cause osteogenic calcification of the arteries. We consider
that most of the circulating nestin + cells are MSCs as they
are highly overlapped with CD45 - nonhematopoitic Sca1 +

cell population and exhibited same dynamic pattern with the
Sca1 + CD29 + CD11b - CD45 - MSCs in ldlr - / - mice fed
HFD and in mice treated with TbRI inhibitor. We realize
that circulating blood-derived MSCs may not be the only
source contributing to arterial calcification. It is possible that
the resident stem/progenitor cells and/or medial smooth
muscle cells (SMCs) within the vasculature may directly
migrate to the vascular lesions to participate in the calcifi-
cation process. Whether the vascular resident cells are in-
volved in this process and the underlying mechanisms are
interesting topics for future study.

Our previous studies revealed that TGFb1 is activated in
bone [30] and vascular tissue [25] in response to normal
bone remodeling and mechanical injury, respectively. Ac-
tive TGFb1 stimulates the mobilization of MSCs from bone
marrow to blood circulation and their homing to the injured
sites for vascular repair and remodeling [25]. In the present
study, active TGFbs also stimulates the mobilization and
recruitment of MSCs to the diseased sites for vascular cal-
cification, further supporting the concept that TGFbs are
stress/damage-activated messenger for the recruitment of
MSCs to participate in both physiological and pathological
tissue repair/remodeling. The TGFb has three isoforms:

TGFb1, 2, and 3. Even though we detected increased active
TGFb1 level throughout the aorta in ldlr - / - mice fed HFD,
we cannot exclude the involvement of TGFb2 and 3. Since
the distribution of the predominant isoform of TGFbs in
different types of vessels varies, TGFb isoform(s) that is
activated in different types of vasculatures may also be
different. Nevertheless, all three TGFb isoforms share the
same activation mechanism and common signaling pathway,
and therefore their roles in recruiting MSCs during vascular
calcification should be the same. The lineage commitment/
differentiation of the recruited MSCs seems different at
distinct environments even in the same types of tissue. The
cells give rise to either SMC/myofibroblast-like cells or
endothelial cells after they were recruited to the injured
vessels [25], but they differentiate into osteoblastic cells
during the development of vascular calcification. The pos-
sibility that TGFb also induces the differentiation of MSCs
into osteoblastic cells may not exist as we demonstrate that
TGFb-neutralizing antibody was unable to block the Aorta
CM-induced osteoblast differentiation of MSCs. Thus, the
primary function of TGFb in this process is to drive the
migration of MSCs to the right sites and impose the cells to
other growth factors/cytokines produced in the specific en-
vironments for cell differentiation (Fig. 6I). A typical ex-
ample is that IGF-I produced in bone microenvironment,
stimulates osteoblast differentiation of MSCs recruited by
TGFb during bone remodeling [59,60]. The local growth
factor(s)/cytokine(s) responsible for the differentiation of
MSCs into myofibroblasts in neointima formation following
mechanical injury and the differentiation into osteoblastic
cells during vascular calcification following vascular in-
flammation are most likely different.

Of note, active TGFb in peripheral circulation was in-
creased at earlier time points in ldlr- / - mice following
HFDs. One of the sources of active TGFb in blood may be
the injured vascular matrix. TGFb is normally maintained in
a sequestered state in extracellular matrix as a latent form,
and the active TGFb is released in response to the perturba-
tions of the extracellular matrix at the situations of mechan-
ical stress, wound repair, tissue injury, and inflammation [61].
Indeed, increased active TGFb1 was observed throughout the
aorta in the ldlr- / - mice fed HFD. The activation of TGFbs
within the aortic tissue is most likely caused by the initial
vascular damages due to inflammation and oxidative re-
sponse. Supporting this view, Aorta CM prepared from
ldlr- / - mice with 2 week-HFD treatment stimulated the
migration of MSCs, and an addition of a neutralizing anti-
body of TGFb in the Aorta CM significantly inhibited the
effects. In addition, inflammatory cells such as white blood
cells and macrophages, major players in the initial response,
may also release active TGFb1 into blood circulation.

There is increasing evidence for a link between bone
metabolism and the vasculature, that is, so called ‘‘bone-
vascular axis’’ [18,62,63]. Cross-sectional and longitudinal
studies have demonstrated that low bone mineral density is
associated with increases in the risk of cardiovascular events
in prospective studies. In addition, high bone turnover itself
is associated with increased cardiovascular mortality in el-
derly subjects independent of age, sex, overall health, serum
parathyroid hormone levels, and hip fracture status. Our
results show that numbers of MSCs in bone marrow and
osteoblastogenesis in bone are decreased in ldlr - / - mice fed
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HFD. As nestin + /Sca1 + MSCs are osteoblasts-forming stem
cells, the reduction of Osx + osteoprogenitor cells and Ocn +

mature osteoblasts in bone suggests a decline in osteogenic
potential of these MSCs in ldlr - / - mice fed HFD, which
most likely is caused by the diminishing migratory ability of
these cells to bone surface and/or their declined osteoblastic
differentiation ability. Interestingly, the changes of MSCs
and bone defects occurred at the same time point at which
the vascular calcification develops. Further clarification of
whether bone marrow is of primary origin from which
MSCs are mobilized to participate in arterial calcification is
needed for a better understanding on the pathogenesis of this
disorder and the pathology of bone-vascular axis.
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