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Abstract
Background—Vascular calcification is highly prevalent in patients with type II diabetes mellitus
(T2DM). Little is known about whether T2DM is causative.

Methods—Low density lipoprotein receptor mutant (LDLr−/−) mice were fed with customized
diabetogenic and/or procalcific diets to induce atherosclerosis, cartilaginous metaplasia and
calcification, along with obesity, hyperglycemia, hyperinsulinemia, and hypercholesterolemia at
various levels, and euthanized for study after 18–24 weeks on diet.

Results—We found that T2DM accelerated cartilaginous and calcific lesion development by ~3-
and 13-folds as determined by incidence of vascular cartilaginous metaplasia and calcification in
LDLr−/− mice. Lowering dietary fat from ~60% to ~40% kcal reduced body weight and serum
glucose and insulin levels, leading to a 2-fold decrease in aortic calcium content. Correlation
analysis of calcium content with a calculated insulin resistance index, HOMA-IR, showed a
positive correlation of insulin resistance with vascular calcification. Finally, we used genetic fate
mapping strategy to trace cells of SM origin in these animals. Vascular SMCs were found to be a
major cell source contributing to osteochondrogenic differentiation and calcification. Receptor for
advanced glycation end-products (RAGE) was up-regulated, co-localizing with osteochondrogenic
SMCs.

Conclusions—Through quantitative measure of aortic calcium content, we provided
experimental findings that LDLr−/− mice, like T2DM patients, are predisposed to vascular
calcification. Our study is also the first to establish a distinct role of hyperglycemia and
hypercholesterolemia in osteochondrogenic differentiation of SMCs and determined these cells as
a major source contributing to cartilaginous and calcifying lesions of T2DM blood vessels,
possibly mediated by RAGE.
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I. Introduction
Diabetes mellitus affects an estimated 25.8 million people and is the 7th leading cause of
death in the United States. Type 2 diabetes mellitus (T2DM) is the most common form of
this disease, accounting for 90–95% of cases.1 Blood vessels of T2DM patients showed
increased connective tissue and calcium-phosphate salt deposition in atherosclerotic intimae
and medias, namely vascular calcification,2–6 featured with cartilaginous metaplasia.2, 3 In a
study of 1,059 patients with T2DM, vascular calcification, especially in arterial media, was
found to be a strong independent predictor of total cardiovascular and coronary heart disease
mortality, as well as a significant predictor of future coronary heart disease events, stroke,
and lower-limb amputation.7 Compared to diabetics without vascular calcification, diabetics
with vascular calcification had a 1.5-fold increase in mortality, a 1.6-fold increase in
coronary artery disease, a 2.4-fold increase in proteinuria, a 1.7-fold increase in retinopathy,
and a 5.5-fold increase in amputation.4

Although long been considered a degenerative process involving passive accumulation of
calcium-phosphate salts associated with tissue necrosis, a growing number of studies have
highlighted vascular calcification as an active, cell-mediated process resembling embryonic
bone formation and remodeling.3, 8, 9 Supporting evidence in calcifying T2DM blood
vessels includes the appearance of molecules that initiate and regulate osteochondrogenic
differentiation, such as BMP2, Msx2, Runx2, osterix, and Sox9.8–12 In later stages, cells
expressing bone and/or cartilage-restricted proteins, such as alkaline phosphatase, bone
sialoprotein, bone Gla protein, type II collagen, and osteopontin were often co-localized
with calcium-phosphate minerals within the T2DM vessel wall.3, 9–11 Interestingly, in a
lineage tracing study using SM22α-Cre recombinase and Rosa26-LacZ reporter alleles,
vascular smooth muscle cells (SMCs) were found to reprogram their lineage into
osteochondrogenic precursor- and chondrocyte-like cells in calcifying arterial medias of
MGP−/− mice, identifying a crucial role of these cells in mediating vascular calcification.13

Despite the vast number of complications and public health burden associated with vascular
calcification in diabetic patients, little is known about the specific role and mechanisms of
T2DM in osteochondrogenic differentiation and calcification of blood vessels. In addition to
amorphous calcium-phosphate salt deposition, calcification of human T2DM blood vessels
is often associated with widespread cartilaginous matrices, chondrocyte-like cells, and even
endochondral bone elements.2, 3 While much of the effort in developing T2DM mouse
models has focused on selective breeding of certain insulin resistant strains and gene
targeting of insulin receptor and its cellular targets,14–16 no animal model thus far has been
able to reproduce the pathology of human T2DM blood vessels.2, 3 Low density lipoprotein
receptor mutant (LDLr−/−) mice, when fed with a “Western” diet, was shown to develop not
only atherosclerosis but also calcium-phosphate salt deposition in coronary arteries and
valves, confined primarily to the adventitia and perivascular connective tissue.12 Although
there were no cartilaginous or bony elements found in the calcified arteries, these mice had
increased serum glucose and insulin levels.12 In the present paper, we attempted to develop
vascular calcification mouse models with various degrees of insulin resistance,
hyperglycemia, and hypercholesterolemia. These mice were used to study whether these
factors play a role in the initiation and/or progression of cartilaginous metaplasia and
calcification seen in T2DM blood vessels.

2. Materials and methods
2.1. Mouse models and genetic fate mapping

LDLr−/− mice were purchased from the Jackson Laboratory (002207). The mice were bred
onto the SM22α-Cre recombinase (SM22α-Cre, gift from Dr. Herz, UT) and Rosa26 Cre
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reporter (R26R-LacZ, gift from Dr. Soriano, FHCRC) transgenic background to produce
SM22α-Cre+/0:R26R-LacZ+/0:LDLr−/− mice. As characterized in our previous study,13

SM22α-Cre and R26R-LacZ transgenic alleles allow Cre recombination to occur in SM22α-
positive cells early in embryogenesis and onward, resulting in a permanent mark of these
cells with active β-galactosidase. Therefore, SMCs that have lost their marker proteins in
calcifying lesions are identifiable by X-gal staining, which converts any intracellular β-
galactosidase activity into a blue precipitate.

At 10–12 weeks old (≥20g), baseline body weight and fasted blood glucose levels of
SM22α-Cre+/0:R26R-LacZ+/0:LDLr−/− mice and LDLr−/− mice were recorded. SM22α-
Cre+/0:R26R-LacZ+/0:LDLr−/− mice were randomly assigned into three groups, fed with a
customized diabetogenic/procalcific diet (Table 1, HFCD1; Bio-Serv), a procalcific
“Western” diet that does not induce T2DM (D12108, Research Diets, Inc.),17 or normal
chow (NC). LDLr−/− mice were randomly assigned into four groups, fed with two
customized diabetogenic/procalcific diets (Table 1, HFCD2-3; Bio-Serv), a known
diabetogenic diet containing no additional cholesterol (F1850, Bio-Serv)18, or NC.
Progression of diabetes was monitored by body weight every two weeks and fasted blood
glucose every four weeks under diets. At 18–24 weeks, SM22α-Cre+/0:R26R+/0:LDLr−/−
and LDLr−/− mice were sacrificed with 50–180 mg/kg pentobarbital intraperitoneally
followed by exsanguination via cardiac puncture for blood collection. Aortic arches of all
SM22α-Cre+/0:R26R+/0:LDLr−/− mice and 2–4 LDLr−/− mice per group were collected
for histological analysis, starting from the brachiocephalic branch to 1 mm passed the left
subclavian branch. All other LDLr−/− mice (10–13 per group) were used to quantify
calcium content of aortic arches. A total of 48 SM22α-Cre+/0:R26R+/0:LDLr−/− mice and
60 LDLr−/− mice were examined. All animals were maintained in a specific pathogen-free
environment and genotypes were determined as described.13, 19 All protocols are in
compliance with the NIH Guideline for the Care and Use of Laboratory Animals and have
been approved by the Institutional Animal Care and Use Committee, University of
Washington.

2.2. X-gal staining
Tissue dissected from SM22α-Cre+/0:R26R-LacZ+/0:LDLr−/− mice were stained using a
β-galactosidase stain kit (Special Media) as described previously.13

2.3. Histochemical and immunohistochemical staining
X-gal-stained SM22α-Cre+/0:R26R-LacZ+/0:LDLr−/− tissues were post-fixed with Methyl
Carnoy’s fixative prior to processing and embedding in paraffin. Aortic arches collected
from LDLr−/− mice were fixed directly with Methyl Carnoy’s fixative and embedded in
paraffin. Five-micrometer sections were collected from the brachiocephalic artery end for
~400 μm for histochemical and immunohistochemical analyses. Movat Pentachrome stain
was used to visualize atherosclerosis and cartilaginous metaplasia. Calcium-phosphate
minerals were detected by von Kossa staining. Antibodies recognizing SM22α (ab10135,
Abcam), SMMHC (ab683, Abcam), SM α-actin (A2547, Sigma), Runx2/Cbfa1 (MAB2006,
R&D systems), Sox-9 (sc-20095, Santa Cruz), RAGE (ab3611, Abcam), aggrecan (AB1031,
Millipore), type II collagen (AB761, Millipore), and type X collagen (LSL-LB-0092, Cosmo
Bio Co., LTD.) were used to detect SMCs, osteochondrogenic cells, chondrocytes, receptor
for advanced glycation-end products (RAGE), and cartilaginous matrices. Selected sections
were counterstained with methyl green or nuclear fast red (H-3403, Vector) as indicated in
Figure legends.
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2.4. Blood and Sera Analysis
Mice were fasted for 4 hours prior to blood collection into serum separator tubes. Sera were
analyzed for cholesterol and triglyceride levels by Laboratory Medicine at the University of
Washington via spectrophotometry. Serum insulin levels were measured by ELISA (90080,
Crystal Chem, Inc). Index of insulin resistance was calculated using the homeostasis model
assessment of insulin resistance (HOMA-IR), given by the formula, fasting blood glucose
(mmol/L) × insulin concentration (mIU/L) / 22.5. HOMA-IR is a mathematical model
developed by Matthews et al20 and shown to be a reliable, rapid, and cost-effective
alternative to the standard glucose clamp method for measuring insulin resistance.21

2.5. Quantification of aortic arch calcium content
Around 6 mm of the aortic arch from each LDLr−/− mouse was collected and lyophilized to
a constant weight. Calcium was extracted from the lyophilized tissue with 0.6 N HCl and
determined colorimetrically using the o-Cresolphthalein complexone kit (Teco Diagnostics,
C503-480).13 Values were normalized to dry weight of the arches.

2.6. Statistics
Data, shown as means ± SD, were analyzed with Student’s t-test or ANOVA to determine
the significance of differences. Data were considered to be statistically significant at a p
value < 0.05.

3. Results
3.1. Development of T2DM mouse models for vascular calcification study

To develop mouse models that may be used to study the role of T2DM and
hypercholesterolemia in vascular calcification, we customized three diets (Table 1,
HFCD1-3) by changing dietary fat and cholesterol levels of a known diabetogenic diet
(F1850)18 to induce cartilaginous metaplasia and calcification in blood vessels of LDLr−/−
mice, with varying levels of hyperglycemia and hypercholesterolemia. A known non-
diabetogenic diet (D12108) that induces vascular cartilaginous metaplasia and calcification
of LDLr−/− mice17 and normal chow (NC) were used as dietary controls. As shown in Table
1, mice fed with diets consisting of ~40–60% kcal fat with similar levels of saturated and
monosaturated fatty acids (HFCD1-3 and F1850) developed T2DM as determined by the
increased body weight (Figure 1A) and serum glucose levels (Figure 1B). As expected,
lowering dietary fat content reduced body weight and blood glucose levels (HFCD3 vs
HFCD1-2 and F1850). Cartilaginous metaplasia, visualized by Movat pentachrome staining,
is characterized as a collagen- (yellow) and proteoglycan- (blue) rich matrix containing
large, round cells that have relatively large area of clear cytoplasm surrounded by a lacunar
rims (Figures 1C and 1D, white arrows), replicated features of human T2DM
cardiovasculature.2, 3 Cartilaginous metaplasia primarily occurred in arteries of mice fed
with cholesterol-rich diets, including both diabetogenic (HFCD1-3) and non-diabetogenic
(D12108), starting in the deep intima and inner medial layers of blood vessels in the absence
of calcium-phosphate salt deposition (Figure 1E, lack of dark brown vs brown in Figure 1F),
with chondrocyte-like cells adjacent to areas of elastic lamina breakage (arrowheads) outside
of lipid-laden areas (asterisks).

3.2. T2DM accelerates the development of cartilaginous metaplasia and calcification in
LDLr−/− mouse vessels

To understand whether T2DM plays a role in the development of cartilaginous metaplasia
and calcification of blood vessels, we analyzed aortic arches of LDLr−/− mice fed with
diabetogenic (HFCD1) and non-diabetogenic (D12108) diets consisting of identical dietary
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cholesterol (1.25%). As shown in Table 2, mice fed with HFCD1 and D12108 diets
developed similar levels of hypercholesterolemia (43.4±2.1 vs 37.3±1.8 mmol/L; p=0.1049).
While D12108 did not induce diabetes, indicated by similar body weights, fasted blood
glucose levels, and calculated HOMA-IR (index of insulin resistance) as that of NC controls,
mice fed with HFCD1 developed T2DM. These mice were ~1.6 times heavier than D12108
and NC groups, with elevated blood glucose (~1.5 times higher) and insulin resistance (>7
times higher in HOMA-IR). Importantly, vascular cartilaginous metaplasia and calcification
were more apparent in mice that had developed diabetes when compared with their non-
diabetic counterparts that were challenged with a diet consisting of same amount of
cholesterol and which developed similar levels of hypercholesterolemia (Table 2). Of 22
HFCD1 mice examined, all of them developed cartilaginous metaplasia (100%), 14 of which
had calcium-phosphate deposition (64%) in aortic arches by 18 weeks diet fed. Only 33% of
non-diabetic D12108 mice developed vascular cartilaginous metaplasia (6 out of 18), with
5% of the aortic arches calcified (1 out of 18) by 18 weeks, suggesting that T2DM triggered
an accelerated progression of vascular calcification. In fact, diabetic HFCD1 mice had larger
cartilaginous lesions (Figure 1C) and were at more advanced stages of lesion development,
assessed by the occurrence of cells with similar morphology to hypertrophic chondrocytes
seen in endochondral ossification (Figures 1D and Figure 2A, arrows) and the concurrence
of calcium-phosphate deposition (Figure 2B, brown).

We further determined whether vascular calcification is associated with levels of insulin
resistance and hyperglycemia. As shown in Figures 1A and 1B, LDLr−/− mice fed with
HFCD2 (57.9% kcal fat and 0.2% cholesterol) and HFCD3 (40.1% kcal fat and 0.2%
cholesterol) diets were obese and hyperglycemic. HFCD2 mice were heavier (13.4%,
p<0.01) and had higher blood glucose (29%, p<0.05) and insulin levels (2.2 folds, p<0.005)
compared to HFCD3 mice (Figures 3A and 3B). There was also a 2.2 fold-increase in
HOMA-IR index of mice on HFCD2 versus HFCD3 (Figure 3C, p<0.005), suggesting that
these animals were more insulin resistant. Importantly, even with similar serum cholesterol
levels (Figure 3D), mice with higher body weight and insulin resistance had almost doubled
the calcium content in their aortic arches (Figure 3E). Finally, Pearson correlation analysis
of values collected from these mice revealed that insulin resistance is positively correlated
with calcium content of aortic arches (r=0.6412, p<0.0001), identifying a compelling
relationship between insulin resistance and the extent of vascular calcification.

3.3. Hypercholesterolemia is likely required for the initiation of vascular calcification in
T2DM LDLr−/− mice

Our study also points to a likely requirement of hypercholesterolemia in the development of
vascular calcification. LDLr−/− mice fed with diets consisting of ~58% kcal fat with
(HFCD2) and without (F1850) 0.2% cholesterol developed similar levels of obesity and
hyperglycemia by 18 weeks on diet (Figures 1A and 1B, black open squares vs blue
triangles), with the HFCD2 group having a slightly higher calculated HOMA-IR index at 8
weeks (Figure 4A). Addition of dietary cholesterol led to a substantial increase in serum
cholesterol (>35 mmol/L) and LDL/HDL cholesterol ratio (Figures 4B and 4C),
corresponding to a large increase in calcium content of blood vessels (Figure 4D).
Importantly, mice fed with F1850 diet, consisting of no additional dietary cholesterol
(0.03% as presented in fat source), showed only a slightly higher LDL/HDL cholesterol ratio
compared to NC controls. There was no significant difference in calcium content between
F1850 animals and NC control (p=0.4349). These findings suggest that
hypercholesterolemia, especially elevated LDL cholesterol, may be an important
requirement for initiation of vascular calcification under T2DM settings.
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3.4. Vascular SMCs are the major contributors to osteochondrogenic precursor- and
chondrocyte-like cells in T2DM LDLr−/− vessels

Our recent genetic fate mapping studies of non-atherosclerotic medial calcification have
identified SMCs as the major cell sources giving rise to vascular cartilaginous metaplasia
and calcification.13 To determine whether SMCs are critical for T2DM-accelerated vascular
calcification, we employed the same genetic fate mapping strategy to permanently label cells
of SM origin. Thus, SM22α-Cre+/0:R26R-LacZ+/0:LDLr−/− mice were fed with a
diabetogenic/procalcific diet (HFCD1) to induce T2DM and osteochondrogenic
differentiation. After 18 weeks on diet, their aortic arches were collected and stained with X-
gal to identify cells that have once expressed SM22α. As shown in Figure 5, the majority of
cells located within the cartilaginous intima and media (5A, arrows) were stained blue by X-
gal, identifying their SM origin (Figures B-I). These cells no longer express SMC lineage
proteins such as SM22α, SM α-actin, and SMMHC (5B-5D, lack of brown). Instead, they
acquired osteochodrogenic and chondrocytic properties, as determined by the presence of
brown nuclear staining for osteochondrogenic transcription factor Runx2/Cbfa1 (5E and 5F)
and chondrocytic transcription factor Sox9 (5G). Cartilaginous matrix protein collagen type
II (5H, brown rim) were also observed in the surrounding areas of the blue X-gal stained
cells. Of particular interest, some SMC marker-positive cells co-expressed Runx2/Cbfa1,
suggesting a transitional state in lineage reprogramming of these cells into
osteochondrogenic cells, consistent with our previous findings in arterial medial
calcification of MGP−/− mice13 and in non-diabetic atherosclerotic mice,19 as well as
human atherosclerotic arteries that showed hybrid “myochondrocytes” by Bobryshev.9

3.5. RAGE may be a critical factor involved in SMC lineage reprogramming into
osteochondrogenic precursor- and chondrocyte-like cells in T2DM LDLr−/− vessels

Forced-expression of RAGE in vascular SMCs were found to induce osteogenic
differentiation of cells and increase matrix calcification, especially when the cells were
cultured in the presence of serum derived from patients with diabetic nephropathy.22 To
determine whether RAGE is involved in osteochondrogenic differentiation of SMCs in
cartilaginous and calcifying lesions of T2DM blood vessels, we stained aortic arch sections
for RAGE immunohistochemically. As shown in Figure 6A, RAGE was found mostly in
areas of cartilaginous metaplasia (arrows) and, to a lesser extent, in medial SMCs (insert)
and cells located on the lumen side of the lipid core that were not stained by X-gal
(arrowheads). Notably, the majority of RAGE-positive cells within cartilaginous areas were
stained blue by X-gal, identifying its expression in SMCs undergoing lineage
reprogramming. In early osteochondrogenic differentiation of these cells, RAGE was found
primarily in the cell nulei (6B and 6C), co-localizing with osteochondrogenic and
chondrocytic transcription factors, Runx2/Cbfa1 (5E) and Sox9 (5G), with a few of these
cells also positive for RAGE on the membrane (6D, insert). In calcifying lesions (6F),
RAGE expression was strongest on cell membranes (6G, arrows), co-localizing with Sox9
(6H, arrows), especially in chondrocyte-like cells identifiable by their large, round shape and
lacunar rim containing type X collagen (6I, brown), indicating a possible role of RAGE in
osteochondrogenic differentiation and chondrocyte maturation.

4. Discussion
The lack of appropriate animal models to emulate the pathology of human T2DM
cardiovascular complication has hindered our understanding of the disease, especially the
molecules and pathways critical for disease initiation and progression, which may serve as a
basis to improve clinical management decisions and/or develop effective strategies to treat
this complication. In the present study, we challenged LDLr−/− mice, a knockout strain
susceptible to developing non-insulin dependent diabetes, atherosclerosis, uremia, and
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vascular ectopic calcification,12, 18, 23 with various customized high-fat, high-cholesterol
diets. We found that diets consisting of ~40–60% kcal fat (with lard as fat source) and 0.2–
1.25% cholesterol induced not only T2DM, as evidenced by obesity, hyperglycemia and
hyperinsulinemia, but also cartilaginous metaplasia and calcification in atherosclerotic
vessels, similar to human T2DM blood vessels.2, 3 Importantly, T2DM accelerated the
development of vascular cartilaginous and calcific lesions. Compared to non-T2DM LDLr−/
− mice with similar levels of hypercholesterolemia, T2DM mice showed a significantly
higher incidence of cartilaginous and calcific lesions in their blood vessels (HFCD1 vs
D12108). Lowering dietary fat from ~60% to ~40% kcal reduced body weight and serum
glucose and insulin levels, leading to a reduction of vascular calcification (HFCD3 vs
HFCD2). Indeed, analysis of calcium content in diseased blood vessels of LDLr−/− mice
with a calculated insulin resistance index (HOMA-IR) showed that insulin resistance was
positively correlated with the extent of vascular calcification. Our results are the first to
clarify a role of T2DM in vascular cartilaginous and calcific lesion progression, which in
part explains the high incidence of this complication in T2DM patients.

While little is known about the role of lipid metabolism in cardiovascular calcification, its
abnormalities is a well-known cause of atherosclerosis and has been extensively studied24.
In a retrospective study of 104 patients with coronary and aortic valve calcification, ectopic
calcification was measured periodically by electron beam tomography. During a 3-year
follow-up, around 82% of these patients had a progressive build-up of ectopic calcification,
indicated by annually increasing calcification score at a rate of 27.3% for coronary artery
calcification and 24.5% for aortic valve calcification. Interestingly, serum levels of LDL
cholesterol were found to be an independent factor, associated with higher annual
calcification scores in both coronary and aortic valve calcification.25 The association of
hypercholesterolemia, especially LDL cholesterol levels, with progression of cardiovascular
calcification has since then been reported by several other groups.6, 26, 27 Indeed, culture of
vascular SMCs in the presence of 7-ketocholesterol, a major oxycholesterol observed in
atherosclerotic lesions, promoted phosphate-induced matrix calcification.28 This also
occurred in cultures of calcifying vascular cells, a clonal vascular wall cells with high
potential for ectopic calcification, when the cells were exposed to oxidized LDL.29 In the
present study, we used a genetic fate mapping strategy to track cells derived from SMCs and
found that vascular SMCs were the major cell source contributing to vascular cartilaginous
and calcific lesion development, consistent with previous findings in non-atherosclerotic
vascular medial calcification13 and atherosclerotic vascular intimal calcification.9 Under
T2DM conditions, SMCs are likely to have adapted their phenotype and differentiate into
osteochondrogenic precursors and chondrocytes. Importantly, our studies suggest an
important role of cholesterol in the development of vascular calcification.
Hypercholesterolemia (>30 mmol/L in our experimental conditions) is likely required for
initiation of vascular osteochondrogenic differentiation and hence calcification. LDLr−/−
mice fed with diabetogenic F1850 diet, consisting of only 0.03% dietary cholesterol,
developed T2DM and a mild increase in LDL cholesterol levels, but showed no significant
increase in vascular calcium content, with levels similar to mice fed with normal chow.

The precise mechanisms of T2DM as an accelerator of vascular cartilaginous metaplasia and
calcification are currently unknown. Hyperglycemia appears in the initial stages of the
disease and has long been hypothesized to explain at least partial effects of diabetes on
cardiovascular complications. In support of this, interaction of advanced glycation end-
products (AGEs), a non-enzymatic glycosylation of proteins and lipids under
hyperglycemia, with RAGE, a multi-ligand receptor that interacts with AGEs, members of
S100/calgranulin family, and amphoterin,30 was found to be involved in signal transduction
cascades that regulate T2DM-accelerated atherosclerosis.31 Mice deficient in RAGE have a
reduced susceptibility to atherosclerosis, as evidenced by significantly smaller lesion sizes,
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reduced expression of inflammatory mediators and leukocyte recruitment, decreased nuclear
factor-κB activity and oxidative stress, and improved endothelial function.32, 33 Diabetic
patients showed increased serum levels of AGEs, such as glycated albumin and hemoglobin,
correlating with the occurrence of peripheral vascular calcification.34 Soluble RAGE, a
truncated decoy of RAGE that lacks transmembrane and signaling domains, was decreased
in serum of patients with calcific aortic valve stenosis.35 In the present study, increased
RAGE expression and membrane translocation were found in cartilaginous and calcific
areas of atherosclerotic blood vessels, co-localizing with osteochondrogenic and
chondrocytic transcription factors, Runx2 and Sox 9, as well as chondrocyte marker
proteins, types II and X collagen.

Finally, the sustained expression of RAGE may be critical for T2DM-associated
predisposition of vascular osteochondrogenic differentiation and calcification. The
membrane-proximal cytoplasmic region of RAGE was found to directly bind to Erk by a D-
domain-like docking site36 and thus activates Erk signaling,37 a critical pathway known to
up-regulate the expression of Runx2 in a variety of cell types, including SMCs,13 and is
required for Runx2 phosphorylation, an active form of Runx2 that drives osteoblastic
differentiation.38 Thus, in vitro transfection of vascular SMCs with adenoviruses expressing
RAGE increased osteogenic differentiation of the cells and matrix calcification.22 Taken
together with our findings of increased RAGE expression and co-localization with Runx2,
RAGE signaling is likely important for T2DM-accelerated vascular osteochondrogenic
differentiation and calcification, possibly through Runx2 activation.
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Summary

Vascular calcification is highly prevalent in patients with T2DM. Using LDLr−/− mice,
we found that T2DM accelerated the development of vascular calcification and
hypercholesterolemia was likely required for the development of calcification lesions.
We also genetically traced cells of SM origin. SMCs were a major cell source attributable
to osteochondroprogenitor- and chondrocyte-like cells in calcifying lesions, possibly
mediated through RAGE signaling.
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Figure 1. Characterization of LDLr−/− mice fed with various customized diets
LDLr−/− mice were challenged with diabetogenic, procalcific diets (HFCD1-3), non-
diabetogenic, procalcific diet (D12108), or diabetogenic diet (F1850) for 18 weeks. Normal
chow (NC) was used as dietary control. T2DM development was monitored by body weight
(A) and fasted blood glucose levels (B). C and D. Movat pentachrome staining of an aortic
arch from an LDLr−/− mouse fed with HFCD1 for 18 weeks showing cartilaginous
metaplasia (yellow collagen staining), chondrocyte-like cells (white arrows), and elastic
lamina breakages (white arrow heads). E and F. Von Kossa staining to visualize
calcification. Cell nuclei were counterstained with nuclear fast red. Note the absence of
calcification in an adjacent section of D (E) and the occurrence of calcification in an
advanced lesion (F, brown). D and E, boxed area of C. M=media, L=lumen, I=intima,
Ad=adventitia.
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Figure 2. Cartilaginous metaplasia and calcification in blood vessels of LDLr−/− mice
Aortic arches of SM22α-Cre+/0:R26R-LacZ+/0:LDLr−/− mice fed with HFCD1 (A and B)
and D12108 (C and D) diets for 18 weeks. A and C, Movat pentachrome staining; arrows
denote cells of chondrocyte morphology in cartilaginous areas. B and D. Von Kossa staining
to visualize calcification (dark brown). M=media, L=lumen, I=intima, Ad=adventitia.
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Figure 3. Correlation of vascular calcification with blood glucose, insulin, and insulin resistance
LDLr−/− mice were fed with diabetogenic, procalcific diets (HFCD2-3) for 24 weeks, with
normal chow (NC) as diet control. Fasted blood glucose (A), insulin (B), and total
cholesterol (E) levels were measured as described in “Methods”. Insulin sensitivity was
assessed by the homeostatic model assessment of insulin resistance (HOMA-IR), calculated
by the formula, fasting blood glucose (mmol/L) × insulin concentration (mIU/L)/22.5 (C).
Calcium was extracted from aortic arches of animals and quantified as described in
“Methods” (E). F. Correlation of HOMA-IR and calcium content of aortic arches. Data
shown are mean±SEM, n=10–13.
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Figure 4. The role of hypercholesterolemia in vascular calcification of T2DM LDLr−/− mice
LDLr−/− mice were fed with respective diets for 24 weeks. Fasted blood glucose and insulin
levels were measured and HOMA-IR (A) was calculated as described in Figure 3. Total
cholesterol (B), LDL/HDL cholesterol ratio (C), and calcium content of aortic arches (D)
were determined as described in “Methods”. Data shown are mean±SEM, n=10–13.
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Figure 5. SMCs were the major contributors to osteochondrogenic precursor- and chondrocyte-
like cells in T2DM LDLr−/− vessels
SM22α-Cre+/0:R26R-LacZ+/0:LDLr−/− mice were fed with HFCD1 for 18 weeks. Aortic
arches were stained with X-gal to label cells of SM origin (blue). Cells of chondrocyte
morphology and cartilaginous metaplasia were visualized via Movat pentachrome staining
(A, white arrows). B-I. Immunohistochemical staining of adjacent sections. B-D. SMC
lineage proteins. SM22α (B), SM α-actin (C), and SMMHC (D). Note that chondrocyte-like
cells within the cartilaginous intima and media are negative for SMC lineage proteins. E.
Osteochondrogenic transcription factor, Runx2/Cbfa1 (brown nuclear). G. Chondrogenic
transcription factor, Sox9 (brown nuclear). F and H. Higher magnification of boxed region
showing localization of Runx2/Cbfa1 (F) and Sox9 (H, arrowheads) within X-gal positive
cells. I. Type II collagen. M=media, L=lumen, I=intima, Ad=adventitia.

Nguyen et al. Page 16

Cardiovasc Pathol. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Expression of RAGE in calcifying blood vessels of T2DM LDLr−/− mice
SM22α-Cre+/0:R26R-LacZ+/0:LDLr−/− mice were fed with HFCD1 for 18 weeks. Aortic
arches were stained with X-gal to label cells of SM origin (blue). Adjacent sections were
stained immunohistochemically for RAGE (A-D, and G), Runx2/Cbfa2 (E), Sox9 (H), and
Collagen X (I). C. Higher magnification of boxed region in B. Vascular calcification was
visualized via von Kossa staining (F). M=media, L=lumen, I=intima, Ad=adventitia.
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Table 2

Effect of diabetogenic and procalcific diet on serum parameters and incidence of cartilaginous metaplasia and
calcification in aortic arches of T2DM and non-T2DM LDLr−/− mice

Diets

NC D12108 HFCD1

Serum total cholesterol (mmol/L) 6.2±0.4 37.3±1.8§ 43.4±2.1§

Body weight (g) 31.2±1.8 32.8±5.4 52.7±1.3§

Fasted blood glucose (mmol/L) 8.47±0.4 8.96±0.9 13.08±0.3§

HOMA-IR 11.9±1.3 10.7±1.3 77.6±8§

Cartilaginous metaplasia in aortic arches 0/8 (0%) 6/18 (33%) 22/22 (100%)

Aortic arch calcification 0/8 (0%) 1/18 (5%) 14/22 (64%)

Data are presented as Mean±SEM and analyzed against NC controls.

§
P < 0.05
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