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Chondrogenic differentiation is pivotal in the active
regulation of artery calcification. We investigated the
cellular origin of chondrocyte-like cells in atheroscle-
rotic intimal calcification of C57BL/6 LDLr�/� mice
using bone marrow transplantation to trace ROSA26-
LacZ-labeled cells. Immunohistochemical costaining
of collagen type II with LacZ and leukocyte defining
surface antigens was performed and analyzed by
high-resolution confocal microscopy. Chondrocyte-
like cells were detected in medium and advanced ath-
erosclerotic plaques accounting for 7.1 � 1.6% and
14.1 � 1.7% of the total plaque cellularity, respec-
tively. Chimera analysis exhibited a mean of 89.8%
LacZ� cells in peripheral blood and collagen type II
costaining with LcZ revealed an average 88.8 � 7.6%
cytoplasmatic LacZ� evidence within the chondro-
cyte-like cells. To examine whether hematopoietic
stem cells contribute to the phenotype, stem cell
marker CD34 and myeloid progenitor-associated an-
tigen CD13 were analyzed. CD34� was detectable in
86.9 � 8.1% and CD13� evidence in 54.2 � 7.6% of
chondrocyte-like cells, attributable most likely be-
cause of loss of surface markers during transdifferen-
tiation. Chondrocyte differentiation factor Sox-9 was
detected in association with chondrocyte-like cells,
whereas Sm22� , a marker for smooth muscle cells,
could not be demonstrated. The results show that the
majority of chondrocyte-like cells were of bone marrow
origin, whereas CD34�/CD13� myeloid precursors ap-
peared to infiltrate the plaque actively and transdiffer-
entiated into chondrocytes-like cells in the progression
of atherosclerosis. (Am J Pathol 2010, 177:473–480; DOI:

10.2353/ajpath.2010.090758)

Vascular calcification continues to be a major cause of
death and disability in the developed nations.1 The extent
of the calcification process is associated with atheroscle-
rotic plaque burden and a heightened risk of myocardial
infarction2 resulting in significant morbidity and mortality.
Long considered as a passive degenerative process,
converging evidence from both in vitro and in vivo analysis
provide considerable evidence that vascular calcification
shares intriguing similarities with bone formation.3 Chon-
drocyte and osteoblastic metaplasia within sites of arte-
rial calcification has been reported in humans and mice.4

Evidence is overwhelming that osteoblasts and chondro-
cyte-like cells actively promote the calcification process
analogous to endochondral bone formation.5 The origin
of cells differentiating into chondrocytes or osteoblasts
has long remained unknown. Three hypotheses have
been postulated: local pericytes from the tunica adventi-
tia, vascular smooth muscle cells (VSMC) from the tunica
media, or progenitor cells derived from bone marrow.6

Media calcification is found mainly in patients with
diabetes mellitus type 2 and chronic kidney disease7 and
is associated with an increased risk of amputation and
higher cardiovascular mortality.8 In an elegant work
Speer et al9 recently demonstrated that chondrocyte-like
cells in MGP�/� mice, a mouse model of medial artery
calcification were derived from transdifferentiation of ma-
ture smooth muscle cells.

Intimal arterial calcification is the most common form of
calcific vasculopathy with chronic inflammation as funda-
mental pathophysiological mechanism of the disease.10

The high-fat fed LDLR�/� mouse develops in a sequential
fashion both medial and atherosclerotic calcification, the
latter pronounced after 2 months and worsened by ure-
mia.11 Recently, Duer et al12 examined the nanostructure
of calcium deposits within calcified human atheroscle-
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rotic plaques and demonstrated marked morphological
similarities compared with skeletal bone emphasizing the
active regulation of the process. Morony et al13 demon-
strated that atherosclerotic intimal calcification could
significantly be reduced in C57BL/6 LDLr�/� mice by
treatment with recombinant osteoprotegerin (Fc-OPG).
Although leaving the atherosclerosis progression un-
touched, vascular intimal calcification as induced by
chondrocyte-like cells was decreased, suggesting that
the process of atherosclerosis and vascular calcification
can be uncoupled. The authors hypothesized that the
attenuation of vascular calcification was achieved by sys-
temic long-term receptor activator of NF-�B ligand
(RANKL) inhibition via OPG treatment. OPG is a known
inhibitor of bone resorption and OPG serum levels dis-
played a positive correlation with the progression of ath-
erosclerosis, coronary artery disease, stroke, and cardio-
vascular morbidity and mortality.14 OPG is a decoy
receptor for RANKL, which is known to be a considerable
mediator in osteoclastogenesis.15 Moreover, RANKL in-
volvement is needed in lymph node genesis, activation,
and survival of leukocytes from myeloid origin as well as
differentiation of leukocytes.16

An in vitro study with adult pluripotent cells derived
from human peripheral blood monocytes showed trans-
differentiation from a monocyte-like structure to a chon-
drocyte-like structure, indicating that these myeloid cells
have the potential to differentiate into collagen type II
synthesizing chondrocytes.17 Moreover, Shafer et al18

recently demonstrated that early chondrocyte progeni-
tors were of myeloid origin in a mouse model of chondro-
cyte differentiation.

Here we report that contrary to medial artery calcifica-
tion in MGP�/� mice, where chondrocyte metaplasia is
based on smooth muscle cell transdifferentiation, chon-
drocyte-like cells emerging in this mouse model examin-
ing atherosclerotic intimal calcification are of bone mar-
row- derived myeloid origin. Moreover, we provide
evidence that the differentiation process is mediated by
induction of the NF-�B ligand RANKL.

Materials and Methods

Animal Housing and Diets

Experimental procedures were conducted in accordance
with the German Animal Studies Committee of Schleswig-
Holstein (reference number 1/1a/06). At the age of 12
weeks and subsequent to bone marrow transplantation
(BMT), female mice were fed an atherogenic high-fat diet
(Harlan Teklad Bioservice for Science, Walsrode, Ger-
many), containing 15% (w/w) fat, 1.25% cholesterol, and
0.5% sodium cholate. Mice (n � 5 per group) were anes-
thetized and euthanized by cervical dislocation at the
indicated time points 8, 10, and 16 weeks later before
proximal aorta, and heart tissues were quickly removed,
rinsed with PBS, and analyzed as indicated below.

BMT and Chimera Analysis

BMT was performed as described elsewhere.19 Briefly, at
the age of 12 weeks, recipient female C57BL/6 LDLr�/�

mice were lethally irradiated. Bone marrow was har-
vested from female C57BL/6 ROSA26 mice (ubiquitously
expressing the bacterial enzyme �-galactosidase) by
flushing femurs and tibias with PBS. A volume of 0.2 ml
containing 20 � 106 bone marrow cells was injected to
each of the recipient mice via tail veins. Blood samples
were taken at the indicated time points, and a chimera
analysis was performed to evaluate the BMT. Briefly,
cytospins from blood samples were stained with �-galac-
tosidase (LacZ) chicken anti-mouse antibody (ab9361l
Abcam, Oxford, UK) and counterstained with Hoechst
33258 (Sigma-Aldrich, Germany), while a total of 1000
cells per spin were evaluated for LacZ� evidence as
described previously.20

Tissue Processing and Atherosclerotic Lesion
Analysis

Serial 7-�m cryosections were prepared starting from
where the atrioventricular valves were visible and col-
lected on poly-D-lysine-coated slides using a Jung
3000CM cryotome (Leica, Wetzlar, Germany). The slides
were then examined with a Zeiss microscope (Zeiss Ax-
iophot, Carl Zeiss, Göttingen, Germany), and immunohis-
tochemistry/fluorescence was detected with a high-reso-
lution confocal laser scanning microscope LSM 510 Meta
(Zeiss). Detection of calcium phosphate crystals was
attained by calcein staining and nuclear counterstaining
with Hoechst 33258 (Sigma-Aldrich). Atherosclerotic le-
sions were examined by analysis of 60 accidentally cho-
sen grids (each 10,000 �m2) per lesion and subsequent
quantification of total cell number and total number of
LacZ� and chondrocyte-like cells and collagen II double
staining.4

Immunohistochemical Analysis

To determine the pedigree of chondrocyte-like cells in ath-
erosclerotic intimal calcification, immunohistochemical
costaining of collagen type II with both LacZ and leukocyte
defining surface antigens was performed. Cells were ac-
counted when completely surrounded by collagen type II
extracellular matrix. All antibodies used for immunohisto-
chemistry were initially titrated and used at saturated con-
centrations and controls were used as described previou-
sly.21 Occurrence of collagen type II was determined with a
rabbit anti-human polyclonal antibody as described previ-
ously4 (NCL-COLL-IIp; Novocastra, Newcastle, UK). LacZ
was determined with a chicken anti-mouse �-galactosidase
antibody (ab9361l Abcam). For macrophage detection,
monoclonal rat anti-mouse MOMA-2 antibody was used
(17PO0503; Dianova, Augst, Switzerland) for detection of
circulating monocytes monoclonal rat anti-mouse antibody
CD115 (MCA1898GA; AbDSerotec, Oxford, UK) for detec-
tion of early leukocyte differentiation rat anti-mouse CD13/
aminopeptidase N (MCA2395A488; AbDSerotec) and for
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detection of hematopoietic stem cells rat anti-mouse CD34
(MCA1825; AbDSerotec). Detection of Sox-9 was per-
formed by rabbit anti-mouse Sox-9 (SC20095; Santa Cruz
Biotechnology, Heidelberg, Germany) and Sm22� by goat
anti-mouse antibody (ab10135; Abcam). Moreover, to de-
termine the expression of NF-�B ligand RANKL in LDL�/�

mice, samples were immunostained with biotinylated rabbit
anti-mouse CD254/sRANKL (AAM56B; AbDSerotec). After
incubation with the primary AB, specimens were incubated

with Alexa Fluor 555 or Alexa Fluor 488 (Invitrogen, Paisley,
UK) corresponding antibodies.

Statistics

Laboratory data were analyzed with a multivariate analy-
sis and nonparametric data with the Mann-Whitney U
test, and Bonferroni correction was used for posthoc

Figure 1. Graphs displaying results with x-axis
showing the duration of high-fat diet (weeks). A:
Percentage of LacZ� cells in peripheral blood. B:
Total plaque cellularity, cells per square millimeter
of lesion area. C: Percentage of LacZ� cells of total
plaque cellularity. D: Percentage of MOMA-2�

cells. E: Percentage of collagen type II� cells. F:
Percentage of collagen type II� cells additionally
expressing LacZ. G: Percentage of collagen type II�

cells additionally expressing CD13. H: Percentage
of collagen type II� cells additionally expressing
CD34. *P � 0.05; ns, P � 0.05.

Figure 2. Chondrocyte-like cells within athero-
sclerotic plaques of C57BL/6 LDL�/� mice (16
weeks high-fat diet). A: Oil-Red O staining (fat �
red, nuclei � purple). B: Masson-Goldner
trichrome staining (nuclei � blue-black, cyto-
plasm � red, collagen � green, muscle tissue �
bright red). C: Calcein staining (calcium phos-
phate � green fluorescence, nuclei � blue flu-
orescence as produced by the DNA-binding dye
Hoechst 33258). D: Collagen type II costaining
with Hoechst 33258 and �-galactosidase (LacZ)
of chondrocyte-like cells. Collagen type II stain-
ing (red immunofluorescence), LacZ staining
(green immunofluorescence), and blue fluores-
cence by Hoechst 33258. L indicates lumen; FC,
fibrous cap; NC, necrotic core; TA, tunica adven-
titia; M, tunica media. Scale bar � 100 �m (A–
D). E–G: Higher magnification of the area de-
marcated in D. E: Green channel; F: red channel;
and G: red and green channel. Arrows indicate
LacZ� and collagen type II� stained chondro-
cyte-like cells. Scale bar � 50 �m (E and F).
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tests. All data were calculated with SPSS 13.0 (SPSS,
Chicago, IL).

Results

BMT and Chimera Analysis

Blood samples were taken at the indicated time points,
and a chimera analysis was performed to evaluate the
degree of hematopoietic chimerism. The fraction of
LacZ� cells in peripheral blood of bone marrow trans-
planted C57BL/6 LDLr�/� mice was 84.6% � 3.6%
(mean � SD, n � 5) 8 weeks after BMT, 91.2 � 3.4% (n �
5) 10 weeks after BMT, and 88.4% � 1.1% (n � 5) 16
weeks after BMT, respectively (Figure 1A). The sus-
tained presence of LacZ� leukocytes documented the
replacement of hematopoietic stem cells, which are the
only long-term self-renewing cells in the hematopoietic
system.22

Vascular Pathology in Bone Marrow Chimeras

In animals euthanized 8 weeks after BMT, earlier stages
of atherosclerosis were detectable with rather homoge-
nous plaque structure, an even contribution of macro-
phages and a diffuse punctate deposition of hydroxyap-
atite (data not shown). The lesions exhibited a medium
degree of cellularity (1528.6 � 184.1 cells per mm2)
(Figure 1B) with an average of 85.5% macrophages as
indicated by MOMA-2 and 83.4% LacZ� cells (Figure 1,
C and D). Medium advanced stages of atherosclerotic
alteration of the vessel wall were visible in 22-week-old
mice (10 weeks high-fat diet). Cellularity reached a max-
imum with 1998.9 � 167.7 cells per mm2 with decreasing
macrophage contingent within the plaques (59.7 � 6.9%)
compared with earlier stages of atherosclerosis and ev-
idence of 86.6 � 6.1% LacZ� cells (Figure 1B). Mice fed
the high-fat diet for 16 weeks exhibited a rather inhomo-
geneous plaque structure with a necrotic core, a distinct
fibrous cap (Figure 2, A and B), extensive calcification as
detected by calcein staining (Figure 2C) and lowered
total cellularity (1661.1 � 157.9 per mm2). Macrophage
fraction as detected by MOMA-2 accounted for 48.7 �
7.5% (Figure 1D) and LacZ� evidence for 81.1 � 2.9% of
total cell number, respectively.

Myeloid Precursors Give Rise to Chondrocyte-
Like Cells in Atherosclerotic Intima Calcification

Chondrocyte-like cells as detected immunohistochemi-
cally by collagen type II staining were not visible in mice
20 weeks of age (8 weeks high-fat diet). In orthotopic
chondrocyte differentiation, the extracellular matrix pro-
duction of collagen type II marks an intermediate stage
where chondrocytes become encased in their extracel-
lular matrix and acquire a characteristic rounded mor-
phology.23 Twenty-two-week-old mice (10-week high-fat
diet) displayed first evidence of chondrocyte-like cells
(Figure 1E). Cells displayed a round nucleus and were

surrounded by a typical dense ring of connective tissue
that stained positively for collagen type II (Figure 2, D–G).
Within these medium advanced plaques, chondrocyte-
like cells accounted for 7.1 � 1.6% of total cellularity.
Immunohistochemical double staining revealed a mean
of 90.1 � 9.3% cytoplasmatic LacZ� evidence within the
chondrocyte-like cells (Figure 1F).

Advanced atherosclerotic plaques in mice 28 weeks of
age (16 weeks high-fat diet) exhibited an increasing num-
ber of collagen type II expressing cells; 14.1 � 1.7% of
the total cell number within the plaque displayed typical
collagen II evidence, whereof 87.52 � 5.90% proved to
be LacZ� positive. In these advanced plaques, chondro-
cyte-like cells were mainly located in the fibrous cap and
associated with different stages of calcium deposition
(Figure 2, C and D).

To determine the origin of chondrocyte-like cells in ath-
erosclerotic calcification, immunohistochemical costaining
of collagen type II with leukocyte defining surface antigens

Figure 3. Collagen type II costaining with Hoechst 33258 and MOMA-2 (A
and B), collagen type II staining with Hoechst 33258 (C and D), and RANKL
costaining with Hoechst 33258 (E and F) of serial sections of aortae from
C57BL/6 LDL�/� mice (16 weeks high-fat diet). A, C, and E: L indicates
lumen; FC, fibrous cap; NC, necrotic core; M, tunica media; A, tunica adven-
titia. A: Collagen type II staining (red immunofluorescence), MOMA-2 stain-
ing (green immunofluorescence), and blue fluorescence Hoechst 33258. B:
Higher magnification of the area demarcated in A. Long arrows indicate
collagen type II� chondrocyte-like cells without evidence of MOMA-2. Short
arrow indicates MOMA-2� cell. C: Collagen type II staining (red immuno-
fluorescence) and blue fluorescence by Hoechst 33258. D: Higher magnifi-
cation of the area demarcated in C. Long arrows indicates collagen type II�

chondrocyte-like cells. E: RANKL staining (green immunofluorescence) and
blue fluorescence by Hoechst 33258. F: Higher magnification of the area
demarcated in E. Long arrows indicates RANKL� cells. Collagen type II�

cells are located within the RANKL� area. Scale bar � 50 �m (A, C, and E);
20 �m (B, D, and F).
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was performed. MOMA-2-stained macrophages were de-
tectable as most frequent cell type located evenly through
the atherosclerotic plaques. Costaining of collagen II and
MOMA-2 showed no coexpression, thus excluding macro-
phages as a potential source of chondrocyte-like cells (Fig-
ure 3, A–D). To examine whether cells of the monocytic
lineage and early progenitors of monocytic differentiation
were involved, the specific surface marker CD115 was also
costained. Indeed, no immunohistochemical evidence for
marker CD115 could be detected in chondrocyte-like cells
(Figure 4, C and D).

CD34, a cell surface antigen expressed by hematopoi-
etic stem and endothelial cells, was examined to prove
whether hematopoietic stem or myeloid progenitor cells
were involved in the transdifferentiation process. Immu-
nohistological costaining revealed that in 22-week-old
mice (10-week high-fat diet) 9.1 � 3.1% of total cell
number displayed CD34 evidence; 88.9 � 9.8% of the
chondrocyte-like cells were CD34 positive (Figure 1G).
Atherosclerotic plaques in animals 16 weeks on the high-
fat diet showed detectable CD34 evidence in 17.7 �
3.6% of total cellularity; 84.9 � 6.5% of chondrocyte-like
cells were stained positively for CD34 (Figure 5).

For more precise definition of the progenitor cells
transdifferentiating into chondrocyte-like cells, myeloid
progenitor-associated antigen CD13 was used. In medi-
um-advanced plaques (22-week-old mice), 61.0 � 6.0%
of chondrocyte-like cells expressed CD13� on their sur-
face and in more advanced plaques 47.4 � 9.2% (Fig-
ures 1H and 4, A and B).

To exclude the possibility that chondrocyte-like cells in
this context were derived from smooth muscle cells,
Sm22� a calponin-related protein that is expressed spe-
cifically in smooth muscle cells was examined. Sm22�
was detected in VSMCs in nonaffected aortic media and
within the fibrous cap but not within chondrocyte-like
cells (Figure 6, A and B).

For additional confirmation of the chondrocyte-like cells,
staining for Sox-9, a specific intracellular marker for early
chondrocyte differentiation was performed. Sox-9 staining
was detectable within the area of collagen type II-positive
cells as demonstrated in Figure 6, A–D. Costaining of Sox-9
and LacZ showed a double positive staining within the
chondrocyte-like cells (Figure 6, E and F).

RANKL Expression in Chondrocyte-Like Cells

To determine the expression of NF-�B ligand RANKL in
LDLr�/� mice, samples were immunostained with CD254/
sRANKL antibody. Within the atherosclerotic plaques,
RANKL-positive stained areas were located in close prox-
imity to clusters of collagen type II-positive stained cells

Figure 4. Collagen type II co-staining with Hoechst 33258 and CD13 (A and
B) or CD115 (C and D) of aortae from C57BL/6 LDL�/� mice (16 weeks
high-fat diet). A: Collagen type II staining (red immunofluorescence), CD13
staining (green immunofluorescence), and blue fluorescence as produced by
the DNA-binding dye Hoechst 33258. B: Higher magnification of the area
demarcated in A. Arrow indicates collagen type II-positive stained cell with
colocalization of CD13. C: Collagen type II staining (red immunofluores-
cence), CD115 staining (green immunofluorescence), and blue fluorescence
Hoechst 33258. D: Higher magnification of the area demarcated in C. Arrow
indicates collagen type II� cell with no colocalization of CD 115. A and C: L
indicates lumen; FC, fibrous cap; NC, necrotic core; M, tunica media; TA,
tunica adventitia. Scale bar � 100 �m (A and C); 25 �m (B and D).

Figure 5. Chondrocyte-like cells within athero-
sclerotic plaques of aortas from C57BL/6 LDL�/�

mice (16 weeks high-fat diet). A: Oil-Red O
staining (fat � red, nuclei � purple). B: Masson-
Goldner trichrome staining (nuclei � blue-
black, cytoplasm � red, collagen � green, mus-
cle-tissue � bright red). C: Calcein staining
(calcium phosphate � green fluorescence, nu-
clei � blue fluorescence as produced by the
DNA-binding dye Hoechst 33258). D: Collagen
type II costaining with Hoechst 33258 and CD34
of chondrocyte-like cells. Collagen type II stain-
ing (red immunofluorescence), CD34 staining
(green immunofluorescence), and blue fluores-
cence Hoechst 33258. L indicates lumen; FC,
fibrous cap; NC, necrotic core; TA, tunica adven-
titia; M, tunica media. Scale bar � 100 �m (A–
D). E–G: Higher magnification of the area de-
marcated in D. E: Green channel; F: red channel;
and G: red and green channel. Long arrow
indicates collagen type II�/CD34� chondrocyte-
like cell. Short arrow indicates CD34� endo-
thelial cell. Scale bar � 20 �m (E and F).
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(Figure 3, E and F) and in vicinity to MOMA-2-positive mac-
rophages (Figure 3, A and B, E and F).

Discussion

In the present study, we investigated the cellular origin of
chondrocyte-like cells in atherosclerotic intimal calcifica-
tion using BMT in C57BL/6 LDLr�/� mice. Specific deter-
mination of chondrocyte-like cells was performed by
high-resolution confocal microscopy of immunohistochem-
ical collagen type II costaining with �-galactosidase (LacZ)
and leukocyte-defining surface antigens. Mechanisms and
provenance of ectopic cartilage and osteoblastic metapla-
sia in vasculature have long been unknown. Recently,
Speer et al24 demonstrated for the first time that chondro-
cyte-like cells in medial artery calcification were derived
from transdifferentiation of mature smooth muscle cells
(VSMC). Although the source of chondrocyte-like cells in

this animal model of medial calcification was demonstrated,
the origin of osteochondrogenic precursors in atheroscle-
rotic intimal calcification had still to be discovered.25 Medial
and intimal vascular calcification represents two entities of
vascular disease yet with distinct pathological mechanisms
of initiation, progression, and involvement of participating
cells.6

Here bone marrow derived precursors from C57BL/6
ROSA-26 mice were detected immunohistochemically.
Chimera analysis exhibited a mean of 89.8% LacZ� cells
in peripheral blood and both collagen type II and Sox-9
costaining with LacZ revealed an average 88.8% cyto-
plasmatic LacZ� evidence within the chondrocyte-like
cells. The results provide evidence that the majority of
chondrocyte-like cells were of bone marrow origin in this
mouse model of atherosclerotic intimal calcification. Im-
munhohistochemical staining for Sm22� was performed
to exclude a potential involvement or transdifferentiation
of local VSMC. More advanced plaques yielded an aver-
age of 14% of the cells being chondrocyte-like cells,
mainly located within the fibrous cap and colocalized with
calcification, which is in congruence with previous find-
ings described in apoE�/�4 and LDLr�/� mice.13 Athero-
sclerotic plaques displayed a diffuse punctate calcifica-
tion in female LDLr�/� mice congruent to previous
studies using male mice. Our experiments were not de-
signed to demonstrate gender differences of atheroscle-
rotic development and calcification extent.

Previous studies have shown that adult pluripotent
cells derived from human peripheral blood monocytes
showed transdifferentiation from a monocyte-like struc-
ture to a chondrocyte-like structure,17 indeed we ex-
cluded both macrophage and monocyte lineage precur-
sors as a source of chondrocyte-like cells in intimal
calcification by collagen II costaining with MOMA-2 and
CD115, respectively. Shafer et al demonstrated that early
chondrocyte progenitors were of myeloid origin in a
mouse model of chondrocyte differentiation.17 Moreover,
a recent study demonstrated that patients with coronary
atherosclerosis displayed a significant increase in the
percentage of circulating CD34� and CD133� progenitor
cells in peripheral blood.26 We examined whether hema-
topoietic stem cells or early stages of leukocyte differen-
tiation as detected by stem cell marker CD34 and my-
eloid progenitor-associated antigen CD13 contribute to
the phenotype. CD34� was detectable in 87% of the
chondrocyte-like cells and CD13� evidence could be
substantiated in 55% of chondrocyte-like cells, attribut-
able most likely due to loss of the surface markers during
transdifferentiation. The results suggest that bone mar-
row derived myeloid CD34�/CD13� precursors actively
infiltrate the plaque where they are capable of transdif-
ferentiating into chondrocytes-like cells in the progres-
sion of atherosclerosis.

Accumulating evidence suggests that chondrocytes
whether of VSMC origin in medial calcification or of he-
matopoietic origin in intimal calcification actively promote
the development of vascular calcification. Because chon-
drocytes and osteoblasts are responsible for orthotopic
calcification in bone and cartilage, it seems obvious that
they fulfill similar functions within the arterial wall. A recent

Figure 6. Sox-9 costaining with Hoechst 33258 and SM-22� (A and B),
collagen type II staining with Hoechst 33258 (C and D), and Sox-9 costaining
with Hoechst 33258 and �-galactosidase (LacZ) (E and F) aorta of C57BL/6
LDL�/� mice (16 weeks high-fat diet). A, C, and E: L indicates lumen; FC,
fibrous cap; NC, necrotic core; M, tunica media; TA, tunica adventitia. A:
Sox-9 staining (red immunofluorescence), SM-22� staining (green immuno-
fluorescence), and blue fluorescence by Hoechst 33258. Short arrows
indicate SM-22�� intact smooth muscle cells. B: Higher magnification of the
area demarcated in A. Long arrows indicates Sox-9� chondrocyte-like cells
without evidence of SM-22�. C: Collagen type II staining (red immunofluo-
rescence) and blue fluorescence by Hoechst 33258. D: Higher magnification
of the area demarcated in C. Long arrows indicate collagen type II-positive
stained chondrocyte-like cells. E: Sox-9 staining (red immunofluorescence),
�-galactosidase (LacZ) staining (green immunofluorescence), and blue fluo-
rescence by Hoechst 33258. F: Higher magnification of the area demarcated
in E. Long arrows indicate Sox-9�/LacZ� chondrocyte-like cells. Short
arrows indicate LacZ�/Sox-9� bone marrow-derived cells. Scale bar � 100
�m (A, C, and E); 50 �m (B, D, and F).
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report examined the nanostructure of calcium deposits
within calcified human atherosclerotic plaques and dem-
onstrated marked morphological similarities compared
with skeletal bone emphasizing the active regulation of
the process.12 The body appears to have a distinct in-
tention to produce mineralization within the plaque.27 The
aim of the immune response is likely to isolate a chronic
inflammation process as in tuberculous infection where a
chronic, noncontrollable infection is isolated by a dense
calcified ring. Although the atherosclerotic alteration of
the vessel wall progresses, hyperlipidemia leads to a
chronic exposure with oxidized low-density lipoprotein
and other lipids causing the well documented inflamma-
tion with activation of leukocyte subsets.28 Taken to-
gether converging evidence, atherosclerotic calcification
may simply be another attempt to wall-off a soft tissue
focus of chronic inflammation, representing an immune
response of last resort.27 In addition, a very recent work
has gathered evidence that atherosclerotic plaque calci-
fication within human calcified carotid plaques may be a
structural marker of plaque stability.29

Although tuberculous infection exhibits distinct calcifi-
cation, it is obvious that no chondrocyte metaplasia can
be detected in this context suggesting that others forces
are involved in the induction of the vascular phenotype.
Cartilage of the hyaline type resists to tensile forces and
compression30 because of the net-like organized struc-
ture of collage type II fibers combined with a high con-
centration of proteoglycans. It is a well-known fact that
chondrocyte generation/differentiation both in vivo and in
vitro requires biomechanical stimulation such as hydro-
static pressure, compression, shear stress or a lowered
oxygen supply.31 This fact might explain the occurrence
of chondrocyte-like cells in atherosclerotic intimal calcifi-
cation in contrast to tuberculosis infection because ath-
erosclerotic plaques suffer from both local hypoxia and
exposure to mechanical and shear stress within patho-
logical vasculature.

In case of a microtrauma in cartilage, chondrocytes
begin to proliferate, form chondrocyte clusters, and pro-
duce extracellular matrix with increased collagen type II
synthesis.30 Deep cartilage defects are repaired by pre-
cursor or stem cells of mesenchymal origin from the
subchondral bone marrow.32 Multipotent mesenchymal
stem cells from bone marrow migrate into the defect and
differentiate into chondrocyte-like cells33 with enormous
synthesis of proteoglycans and collagen II. There is, thus
far, no uniformly accepted clear and specific definitive
phenotype or surface marker for the identification of mes-
enchymal stem cells although lack of the expression of
markers including CD34, CD45, CD14, and CD11b have
been postulated as criteria of determination.34 Endothe-
lial progenitor cell (EPC) home to sites of endothelial
injury and ischemia, where they proliferate, differentiate,
and integrate into the endothelial layer or exert a para-
crine function by producing vascular growth factors. In
response to ischemic injury, EPC are mobilized from the
bone marrow. Unfortunately, there is no specific marker
to identify an EPC, but it was suggested to use CD34,
CD133, and KDR as markers for circulating EPC in hu-
man subjects.35 This suggests that chondrocyte-like cells

in our animal model of atherosclerosis rather seem to be
descended from myeloid precursors or EPC as of mes-
enchymal stem cell origin. Taken together, a dynamic
interaction of initial crystallization of calcium and phos-
phate within apoptotic leukocytes with a local milieu of
hypoxia and mechanical stress as well as an immune
response of last resort might explain the occurrence of
chondrocyte-like cells within atherosclerotic vasculature.

To uncover the origin of chondrocyte metaplasia is
important to develop adequate prevention or therapeutic
strategies for atherosclerotic calcification. Morony et al13

recently demonstrated that atherosclerotic calcification
could significantly be reduced in the same mouse model
by treatment of LDLr�/� mice with recombinant osteopro-
tegerin (Fc-OPG). The authors hypothesized that the at-
tenuation of vascular calcification was achieved by sys-
temic long-term RANKL inhibition via OPG treatment.
RANKL is expressed predominantly in bone and my-
elomonocytic cells but rarely detected in unaffected vas-
culature.13 RANKL involvement was described to be
needed in survival of leukocytes from myeloid origin36

and differentiation of leukocytes. Here we demonstrated
a RANKL positive staining in clusters of hypertrophic
chondrocyte-like cells and close proximity to MOMA-2-
positive macrophages, presenting evidence that RANKL
indeed plays a significant role in the transdifferentiation of
myeloid precursors. Our results would render an expla-
nation for the Fc-OPG treatment to that effect that bone
marrow-derived precursor cells infiltrate the plaque ac-
tively and differentiate into chondrocytes as induced by
RANKL. OPG treatment might inhibit the RANKL effect on
myeloid transdifferentiation. Interestingly, vascular intimal
calcification as induced by chondrocyte-like cells could
be decreased suggesting that the process of atherosclero-
sis and vascular calcification can be uncoupled thereby
revealing thrilling new prospects.

In summary, our findings suggest a crucial role for
myeloid CD34�/CD13� precursor cells derived from
bone marrow in the development of chondrocyte-like
cells in atherosclerotic intimal calcification of LDLr�/�

mice. Moreover, the results may render an explanation
for the therapeutic effect of Fc-OPG treatment in the
same mouse model displaying features of the meta-
bolic syndrome.
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