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Abstract
Background—The role of homocysteine in atherosclerosis is unclear. We examined the
relationship between plasma homocysteine and infrarenal aortic calcification, the presence of
homocysteine in human atheroma and the influence of homocysteine on osteogenic differentiation
in vitro.

Methods and Results—In 194 patients with symptomatic peripheral artery disease or abdominal
aortic aneurysm, fasting plasma total homocysteine was independently associated with the severity
of infrarenal aortic calcification measured by Computer Tomography Angiography (odds ratio 1.91,
95% confidence interval 1.17–3.21 for calcification ≥ median). Homocysteine was identified in all
60 atheroma biopsies from 16 patients undergoing endarterectomy, and concentrations were
significantly greater in the calcified biopsies (p=0.003). In vitro studies demonstrated that 100μmol/
L homocysteine doubled the calcium deposition by mesenchymal stem cells during 16 days
incubation in osteogenic medium (74±4 compared to 42±5 μg calcium/well without homocysteine,
p<0.001). Homocysteine also stimulated monocytic THP1 cells to promote aortic smooth muscle
cell calcification as evidenced by significant higher calcium deposition and alkaline phosphatase
activity compared to incubation without homocysteine (p ≤ 0.05).

Conclusions—Homocysteine plays an important role in vascular calcification via multiple
mechanisms. The presence of homocysteine in atheroma and its ability to enhance osteogenic cell
differentiation may partly explain the association of homocysteine with atherosclerotic events.
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1. Introduction
Vascular calcification is a significant risk factor for the occurrence and complications of
atherosclerotic disease although its exact importance remains unclear 1, 2. Clinical
investigations of vascular calcification have most frequently concentrated on the coronary
circulation with relatively few studies investigating the abdominal aorta 1–4. Those
investigators studying the abdominal aorta have commonly used subjective measures to
quantify the severity of calcification, such as plain X-ray 4, or employed assessment techniques
in which the measurement error is unknown or not stated 3. Recently, we have developed a
reproducible technique to quantify infrarenal abdominal aortic calcification using Computer
Tomography Angiography (CTA) 5. The technique allows the simultaneous assessment of
both luminal narrowing and quantification of aortic calcification. Aortic calcification has been
correlated with atherosclerotic disease in patients with abdominal aortic aneurysm 6 and with
the prevalence of claudication and aortic aneurysm in hemodialysis patients 7. In addition to
being a possible risk factor in arterial disease progression, calcification also has important
consequences for the treatment options by preventing or complicating endovascular surgical
repair 8, 9 In this study, aortic calcification is measured in patients with peripheral arterial
disease and abdominal aortic aneurysm in search for possible risk factors.

The mechanisms and cellular control underlying vascular calcification are controversial 10,
11. The presence of bone remodelling cytokines and bone-like cells adjacent to areas of
calcification within atherosclerosis suggests that arterial mineralisation is an active cell-
mediated process similar to osteogenesis 12, 13. Cells controlling arterial mineralisation have
been suggested to originate from two main sources 11. Most support has grown for the theory
that aortic smooth muscle cells (AoSMC) resident in the atherosclerotic vascular wall are
stimulated to adopt an osteogenic phenotype and become calcifying vascular cells 14, 15. An
alternative theory suggests that circulating cells such as monocytic cells 16–18 or mesenchymal
stem cells (MSC) 19–22 enter the atherosclerotic lesions and differentiate into osteogenic cells.

Another unsettled issue is the role of homocysteine (Hcy) in cardiovascular disease 23. Plasma
total Hcy (tHcy) concentration has been repeatedly linked to the presence of clinical events
associated with atherosclerosis 24, 25. A number of randomised trials however have failed to
demonstrate a reduction in myocardial infarction events with vitamin therapy which has
reduced blood tHcy concentration by approximately 20% 26, 27. However a 21–24% reduction
in stroke events was observed after tHcy-lowering vitamin B therapy 27, 28. These data suggest
that the effects of tHcy within atheroma may vary from one vascular bed to another and that
improved understanding of the mechanisms linking atherosclerosis and tHcy is required in
order to guide new therapy development. Circulating tHcy has previously been associated with
coronary calcification in some 29, 30 but not 31, 32 all studies. Due to the paucity of studies
accurately quantifying abdominal aortic calcification however, the importance of tHcy in
calcification in peripheral arteries remains less clear 33, 34.

In the present study, we examined the relationship between plasma tHcy and abdominal aortic
calcification and investigated the presence of tHcy in human atheroma biopsies in relation to
calcification. We also conducted a series of in vitro mechanistic studies assessing the influence
of Hcy on the osteogenic differentiation of MSC, monocytic cells and AoSMC. We postulate
that Hcy may contribute to vascular calcification by enhancing the osteogenic potential of these
cells.

2. Methods
Study design

In this study we investigated the following hypotheses:
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a. Plasma Hcy is independently associated with the severity of infrarenal abdominal
aortic calcification.

b. Hcy is present in atheroma and correlates to the severity of calcification.

c. Hcy stimulates in vitro calcification by enhancing osteogenic differentiation of cells
involved in atheroma development.

Patients
Ethical approval for the study was granted by the local Institutional Ethics Committee and
written informed consent was obtained from all participants. We prospectively entered
consecutive patients undergoing CTA referred to our vascular service for investigation of
symptomatic peripheral artery disease (PAD) or abdominal aortic aneurysm (AAA) between
May 2004 and June 2007. For ethical reasons to be included in the study the patient had to
require a CTA for assessment of their PAD according to the treating consultant vascular
surgeon. The primary local indications for CTA include assessment of the suitability of PAD
for angioplasty or stenting in patients with intermittent claudication and anatomical assessment
of AAA. Patients with critical lower limb ischaemia are usually investigated by conventional
angiography and therefore were excluded. Other exclusion criteria included: Previous open or
endovascular aortic surgery, contrast allergy and renal impairment evidenced by serum
creatinine ≥ 150μmol/L.

Patient assessment and definitions
On entry to the study patients were interviewed and examined by a consultant vascular surgeon
who recorded: Age, sex, presenting complaint, past history of coronary heart disease (CHD),
diabetes, hypertension, smoking, current medications and physical examination 35.
Intermittent claudication was defined by an appropriate history obtained by a vascular
specialist, a positive Edinburgh claudication questionnaire and confirmation of significant
stenosis (>50%) or occlusion of lower limb arteries on CTA. AAA was defined by a maximum
aortic diameter of ≥ 30mm on CTA. Hypertension was defined by a history of high blood
pressure or receiving treatment to reduce blood pressure. Diabetes was defined by a fasting
blood glucose ≥ 7.0mmol/L, or history of, or treatment for hyperglycaemia. Smoking status
was classified into current smokers (smoked within the last month), ex-smokers (given up for
more than one month) and never smokers 36.

Blood assessment
Fasting venous blood samples were collected from patients on the morning of the CTA.
Hemoglobin, white blood count, serum creatinine, glucose, cholesterol, triglyceride, high
density lipoprotein (HDL), low density lipoprotein (LDL), C-reactive protein (CRP) and
plasma tHcy (sum of Hcy, homocystine Hcy-Hcy, mixed disulfides Hcy-Cys and protein-
bound forms of Hcy) were measured by automated assays, as previously described 35–37.

Quantification of infrarenal aortic calcification volume
CTA images were obtained using a 16-slice multiscanner (Philips). The imaging and
workstation protocols utilised to measure infrarenal abdominal aortic calcification have
previously been validated in detail 5. Briefly selected images were reconstructed on a
workstation utilising defined thresholds (Center Hounsfield Unit (CH) level 1400 and Window
width Hounsfield Unit (WH) 2000), automated function setting and image magnification. Intra-
and inter-observer coefficients of variation were approximately 1%.
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Assessment of human atheroma biopsies
During the course of the study 16 patients underwent open surgical treatment of their PAD by
carotid (n=14) or femoral (n=2) endarterectomy. These samples were utilised to investigate
the presence of Hcy within atherosclerosis and its relationship to calcification. 5mm2 biopsies
were cut from the site of main macroscopic disease from each endarterectomy sample. Most
samples gave rise to multiple biopsies (n=1–9) with half of the patient samples providing 4
biopsies. Biopsies were defined as calcified when appearing hard or bone-like on handling and
cutting. Biopsies were stored at −80°C for later analysis. Subsequently proteins were extracted
from the biopsies using cracking buffer (30mmol/L Tris–HCl, 3.2% sodium dodecyl sulphate,
32% glycerol, 0.2mol/L dithiothreitol). The presence of protein-bound Hcy within atheroma
protein samples was assessed by dot blot method applying a 1/10000 dilution of rabbit
polyclonal anti-Hcy antibody (ab15154, Abcam). In addition, total Hcy (tHcy) within atheroma
biopsies was quantified using a fluorescence polarisation immunoassay (AxSYM System,
Abbott) according to the instructions of the AxSYM® Homocysteine Assay (sensitivity ≤
0.8μmol/L, coefficient of variation ≤ 5.1%). Using biopsies from one patient in which a large
femoral atheroma was removed from both groins, calcification was also estimated by
measuring calcium (Ca) concentrations within biopsies (Cobas® Integra Ca-assay kit and
Cobas Integra 700 Spectrophotometer, Roche). Both tHcy and Ca concentrations were
normalised against total protein content measured with the Bradford technique (Biorad) 38,
39.

Cell culture studies
To examine potential cellular targets for Hcy, we carried out a range of in vitro studies exposing
human MSC, human monocytes (both peripheral isolated and THP-1 cell line) and AoSMC to
osteogenic medium and assessing the effect of Hcy on calcification. Human MSC (PT2501)
and AoSMC (CC2571) were purchased from Lonza and maintained in MSC growth medium
(PT3001, Lonza) and AoSMC growth medium (CC3182, Lonza) respectively. The monocyte
THP-1 cell line was kindly provided by Dr. Rajiv Khanna (Queensland Institute of Medical
Research) and maintained in RPMI, supplemented with 25mmol/L HEPES (JRH Biosciences),
penicillin (100U/mL), streptomycin (100μg/mL) and 10% fetal bovine serum (Invitrogen).
Human peripheral blood mononuclear cells (PBMNC) were isolated from heparinised blood
obtained from healthy adults by density gradient centrifugation through Histopaque-1077
(Sigma). For all experiments, cells between passage 3 and 6 were cultured in T75 flasks
(Sarsted) in a humidified 5% CO2 atmosphere at 37°C. Medium was refreshed every 2–3 days
and at confluence, cells were replated in osteogenic medium (containing β-glycerophosphate,
PT3002, Lonza) for use in the following experiments.

The effect of Hcy on circulating cells
MSC (3 × 104/well), freshly isolated PBMNC’s (6 × 105/well) and THP-1 cells (6 × 105/well)
were replated in 6 well plates (Nunc) and cultured in osteogenic medium in the absence or
presence of 100μmol/L DL-Hcy (Sigma). For comparison, in an additional 6 well plate, cells
were maintained in growth medium. Medium was refreshed every 2–3 days and at day 16,
osteogenic differentiation was evaluated as explained below.

The effect of Hcy on AoSMC
To study the ability of Hcy to induce osteogenic differentiation, AoSMC were cultured in T75
flasks (7.5 × 105/mL) in growth medium with 0, 10 and 100 μmol/L DL-Hcy. After 14 days,
RNA was extracted from cells using the RNeasy Mini kit (Qiagen) and analysed on the HP
2100 Bioanalyzer (Agilent Technologies) for integrity. RNA hybridisation was performed, and
gene expression profiles determined, using the CodeLink™ Human Whole Human Genome
Bioarray (GE Healthcare Life Sciences). Four biological replicates were prepared for each
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treatment condition. Processed chips were scanned using an Axon GenePix 4000B scanner at
635 nm and images analyzed with CodeLink™ Expression Analysis software (GE Healthcare
Life Sciences). Background-adjusted spot intensity values were imported into the web-based
microarray analysis system, GeneSifter™ (http://www.genesifter.net/web/) for gene
expression data comparison and analysis. In a separate experiment, AoSMC were replated in
6 well plates until confluent and switched to osteogenic medium in the absence or presence of
100μmol/L DL-Hcy. For comparison, in an additional 6 well plate, cells were maintained in
growth medium. Medium was refreshed every 2–3 days and at day 16, osteogenic
differentiation was evaluated as explained below. In a further experiment AoSMC were pre-
incubated with osteogenic medium for 12 days. The pre-incubated cells (5 × 104/well) were
cultured an additional 12 days in osteogenic medium with or without 100μmol/L DL-Hcy and
osteogenic differentiation was evaluated.

The effect of Hcy on the interaction between monocytic cells and AoSMC
We investigated if the ability of monocytic cells to alter osteogenic differentiation of AoSMC
was influenced by the presence of Hcy. Non-activated and activated (+160nmol/L phorbol
myristate acetate (PMA), Sigma) THP-1 cells were cultured in osteogenic medium in the
absence or presence of 100μmol/L Hcy for 2 days followed by 24h incubation with fresh
osteogenic medium without Hcy or PMA. The conditioned media from the later 24h period
(i.e. not containing any Hcy or PMA) was collected by centrifugation and applied to AoSMC
which had been pre-incubated in osteogenic medium for 12 days (5 × 104/well). The THP-
conditioned medium was refreshed every 3 days and after an additional 12 days, the osteogenic
differentiation of the AoSMC was evaluated.

Osteogenic differentiation
The influence of Hcy on calcification was assessed by measuring the calcium (Ca) content of
the cultured cell layer, performing Von Kossa staining for mineralised deposits and quantifying
alkaline phosphatase (ALP) activity as a measure of osteogenic differentiation.

Ca quantification—Appropriate culture wells were rinsed twice with phosphate-buffered
saline and the contents of the well scraped into 0.5N HCl. Ca was extracted by overnight
shaking at 4°C followed by 5 min centrifugation at 1000g. The Ca content in the supernatant
was determined colorimetrically by measuring the complexed product with
phenolsulponephthalein at 612 nm (Sunrise™ Microplate Reader, Tecan) according to
instructions of the Quantichrom™ Calcium Assay Kit (DICA-500, BioAssay Systems). Ca
deposition was expressed as μg Ca/well or normalised for total protein content as determined
by the Bradford method (Bio-Rad Protein Assay) 38, 39.

Von Kossa staining—Mineralisation of the cell layer was investigated using Von Kossa
staining as previously described 40. Briefly, fixed cell layers were incubated in 5% silver nitrate
(Pro Sci Tech) solution for 30 min in the dark, washed with distilled water and exposed to
bright light for 45 min. Staining was evaluated microscopically.

ALP activity—ALP activity of the cell layer was quantified colorimetrically according to the
instructions of the Sensolyte™ ALP Assay kit (AnaApec). Enzyme activity was calculated
measuring the yellow p-nitrophenol product formed at 405 nm (Sunrise™ Microplate Reader,
Tecan) and expressed as ng ALP normalised for total protein content of the cell layer as
determined by the Bradford method (Biorad) 38, 39.
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Statistical Analysis
Infrarenal abdominal aortic calcification values were not normally distributed even after log
transformation. The relationship between plasma tHcy and infrarenal aortic calcification was
therefore examined with non-parametric statistics, including Spearman’s correlation and
binary logistic regression analysis. For multiple regression analysis infrarenal aortic
calcification volumes were defined as < or ≥ median values. We examined the association of
plasma tHcy (per 5μM increase) with upper calcification volume median adjusting for age (per
5 years), sex, diabetes, CHD, hypertension, smoking history, medications, serum creatinine
(per 100μM) and maximum aortic diameter (per 5mm). The amount of tHcy that could be
extracted from atheroma biopsies was reported as pmol per mg of total protein and compared
between calcified and non-calcified biopsies using box plots and Mann-Whitney test. The
correlation between extracted tHcy and Ca was assessed with Spearman’s test. Cell culture
results were expressed as mean±sem and compared by Mann-Whitney test. All microarray data
were log transformed. Genes were considered to be differentially expressed based on a 1.5 fold
change in response to Hcy and a p value <0.05 by ANOVA with Benjamini and Hochberg
correction. The data from the individual bioarrays have been deposited in NCBIs Gene
Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) and are accessible through
GEO accession number GSE9490.

3. Results
Plasma tHcy is associated with infrarenal aortic calcification volume

A total of 194 patients were recruited into the study over a 3 year period. The characteristics
of the patients are shown in Table 1. The severity of infrarenal abdominal aortic calcification
was correlated with plasma tHcy concentration (Spearman’s correlation coefficient, r=0.44,
p<0.0001, Figure 1) and patients’ age (Spearman’s correlation coefficient, r=0.37, p<0.0001).
Plasma tHcy was independently associated with aortic calcification volume ≥ median after
adjusting for other risk factors and medication (odds ratio 1.91, 95% confidence interval 1.17–
3.12, Table 2).

Identification of Hcy in human atheroma
A total of 60 atheroma biopsies from 16 patients were examined. Protein-bound Hcy was
identified in the proteins extracted from all atheroma samples by dot blot (Figure 2A). tHcy in
atheroma was quantified by AxSYM® Homocysteine immunoassay and found to be higher in
the calcified atheroma than in the non-calcified biopsies (p=0.003, Figure 2B). In one patient
who had a large area of intimal atheroma removed from both femoral arteries it was possible
to obtain nine biopsies. This patient had a plasma tHcy of 30μmol/L. The amount of atheroma
tHcy and Ca extracted from these biopsies were closely correlated (Spearman’s correlation
coefficient, r=0.95, p<.0001, Figure 2C).

Hcy promotes calcification in vitro
The effect of Hcy on the in vitro osteogenic differentiation of MSC, monocytic cells and
AoSMC was investigated.

The effect of Hcy on MSC and monocytic cells—As a model of circulating progenitor
cells, MSC were cultured in osteogenic medium in the absence and presence of Hcy for 16
days. Hcy stimulated osteogenic differentiation resulting in a significant two-fold higher Ca
deposition (74±4 compared to 42±5 ug Ca/well in the absence of Hcy, p<0.001). These results
were supported by Von kossa staining showing increased mineral deposition in osteogenic
medium, especially in the presence of Hcy (Figure 3A). In our experiments, both PBMNCs
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and the monocytic THP-1 cell line failed to carry out osteogenic differentiation when cultured
for 16 days in osteogenic medium.

The effect of Hcy on human AoSMC—Gene array experiments suggested that Hcy was
not able to induce osteogenic differentiation of human AoSMC. No differences in expression
levels of osteogenic genes (ALP, matrix Gla protein, cbfa1, osteocalcin, osteonectin,
osteopontin, bone morphogenetic proteins) could be observed in AoSMC which have been
cultured in growth medium in the presence of 0, 10 and 100μmol/L Hcy for 14 days.
Furthermore, 16 days incubation in osteogenic medium in the absence and presence of Hcy
also failed to induce osteogenic differentiation measured by Ca deposition and ALP activity.
However, when AoSMC were pre-incubated for 12 days in osteogenic medium, culturing an
additional 12 days in osteogenic medium with or without Hcy triggered the cells into osteogenic
differentiation. This was evidenced by a small but significant Ca deposition and higher ALP
activity in these calcifying vascular cells compared to parallel incubation in growth medium
(Figure 4A). The presence of Hcy mildly enhanced Ca deposition (23±5 vs 6±1 μg Ca/mg
protein in the absence of Hcy, p=0.05) (Figure 4A1) and mineralised deposits (Figure 3B).

The effect of Hcy on the interaction between monocytic cells and AoSMC—
Experiments were carried out to study if Hcy influenced the ability of non-activated and PMA-
activated THP-1 cells to alter osteogenic differentiation of AoSMC.

As compared to non-conditioned osteogenic medium (see above), Ca quantification in the
AoSMC cell layer was much more pronounced when cultured in THP-conditioned medium
(Figure 4B1 versus 4A1). Moreover, the presence of Hcy in the conditioned media of activated
THP-1 cells significantly increased the Ca depostion of AoSMC (Figure 4B1). This was
confirmed by Von Kossa staining showing darker mineral deposition in the presence of Hcy
(Figure 3C). In addition, the presence of Hcy in the conditioned media of non-activated as well
as activated THP-1 cells significantly enhanced the ALP activity of AoSMC (Figure 4B2).

4. Discussion
Our results provide evidence for the independent association between plasma tHcy and vascular
calcification. Circulating tHcy concentration has been previously associated with abdominal
aortic calcification in two small studies involving a total of only 77 patients 33, 34. Hirose and
colleagues used CT to assess infrarenal aortic calcification in 28 patients with hyperlipidaemia
33. They assessed the percentage of calcification on two CT slices and provided no
reproducibility data. More recently Jamal et al assessed 52 renal failure patients on
haemodialysis using abdominal X-ray 34. Unlike these studies we assessed calcification
involving the infrarenal abdominal aorta in a larger group of patients with PAD or AAA using
an accurate CTA based technique. We demonstrated an association between plasma tHcy and
aortic calcification which was independent of other atherosclerotic risk factors and medication
(Table 2).

The epidemiology data linking Hcy with atherosclerosis is strong 24, 25 but the mediating
cellular and molecular mechanisms for this association remain unclear. Experimentally Hcy
stimulates a range of potentially pro-atherosclerotic changes, including inflammation and
thrombosis and causes apoptosis of endothelial cells 25, 41, 42. In the present study, we
demonstrate for the first time to our knowledge that Hcy is present within advanced atheroma
and that the amount of tHcy is elevated in calcified biopsies (Figure 2). This finding suggests
that Hcy could modulate cells present in atherosclerotic arteries to promote calcification.
Previous reports studying the cellular component of calcification have mainly focused on
AoSMC which are present in the intima of advanced atherosclerosis. They showed that AoSMC
calcification can be promoted by transforming growth factor β1, lipid oxidation products and
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reactive oxygen species present in the atherosclerotic arteries 43–45. Hcy has previously been
shown to potentiate calcification of cultured rat AoSMC 46, however human AoSMC are much
less responsive to calcification induction than rodent cells illustrating the requirement for study
of human cells 47. Given the presence of Hcy in the atheroma and its association with
calcification, we investigated the influence of Hcy on the osteogenic potential of human
AoSMC. Our findings indicate that the direct effect of Hcy on AoSMC calcification was slow
and limited. The rather slow and highly variable calcification rates of human AoSMC compared
to those of other species has been documented before 47. When we incubated Hcy with
monocytic THP-1 cells however, application of the conditioned media on the AoSMC resulted
in a much more marked promotion of Ca deposition (Figure 4). In order to minimise
experimental variation, the use of the human monocyte THP-1 cell line was preferred over
freshly isolated PBMNCs, since the later represents a heterogeneous cell mixture. In addition,
our experimental set-up would have required >200 ml of blood to isolate enough PBMCs for
each refreshment step. In practise this would have required multiple donors thereby introducing
significant experimental variability which would have likely obscured any effects of Hcy. In
line with our findings, macrophages are reported to be the predominant cell type associated
with different stages of calcification in atherosclerotic plaques 48. They are suggested to
enhance vascular cell calcificiation via the production of soluble factors such as tumor necrosis
factor-α and reactive oxygen species 49. Our results indicate that the presence of Hcy in the
atheroma may further enhance vascular calcification by activating the monocytic cells to
secrete factors able to enhance the osteogenic differentiation of AoSMC. This is supported by
the observation that pathophysiologic concentrations of Hcy activate human monocytes to
secrete inflammatory cytokines including tumor necrosis factor-α 50.

Circulating progenitor cells have also been suggested to contribute to vascular calcification
16–22. Recently a subset of circulating CD14+ monocytes has been identified which has the
capacity to exhibit mesenchymal differentiation, including osteogenesis 17, 18. MSC have
been detected in circulating blood 20, 22. Eghbali-Fatourechi et al. identified circulating
mononuclear cells expressing bone markers and capable of carrying out calcification in vitro
and in vivo 19. In this study, we demonstrated that Hcy promoted in vitro Ca deposition by
MSC, suggesting another mechanism by which Hcy may favour calcification (Figure 3A).
Whether such bone marrow derived cells enter atheromas in vivo is currently controversial
51–53.

Our study has a number of limitations. Firstly, we included patients with both PAD and AAA
since these were the subjects on which we routinely carry out CTA. Although the role of
calcification in the progression of these diseases remains unclear, a number of studies highlight
the importance of calcification in relation to adverse effects as well as impaired treatment
options and outcome 6–9. The pathology underlying athero-thrombosis and AAA have a
number of differences 54. In carrying out our multiple logistic regression analysis we did
include maximum aortic diameter in the model to adjust for any effect this may have caused
(Table 2). Similar to other recent studies we failed to demonstrate any association with some
conventional risk factors for atherosclerosis and aortic calcification (Table 2) 55. Since a large
proportion of our patients were receiving aspirin, statins, beta blockers, angiotensin II inhibitors
and oral hypoglycaemics, the later finding may relate to the concurrent treatment of other risk
factors.

The independent importance of both arterial calcification and Hcy in cardiovascular disease is
controversial 23. One possibility is that Hcy is important in calcification but that calcification
is just a marker of atherosclerosis and not associated with its complications. Following on from
this Hcy would simply be a marker of atherosclerosis presence rather than pathological in
atherosclerosis complications. These associations would explain the inability of therapies
which lower plasma Hcy to significantly reduce cardiovascular events. A number of other
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possibilities still exist such as present failure to identify a suitable therapy to appropriately
lower circulating Hcy 23. Further investigations will be required to address this.

Our mechanistic studies were limited to in vitro investigations of human cells. We used this
approach as relating findings from animal models of calcification to human can be problematic.
Osteoprotegerin deficiency in mice for example is associated with increased atherosclerosis
and calcification while serum concentrations of osteoprotegerin in humans are positively
correlated with calcification and atherosclerosis 56–58.

In conclusion we confirm the independent association of aortic calcification and circulating
plasma tHcy and provide a number of cellular mechanisms which may underlie this
phenomenon. Our results support a cooperative role for AoSMC and monocytic cells in the
calcification process, modulated by the presence of Hcy in the atherosclerotic plaque.
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Figure 1.
Correlation between plasma tHcy concentration and infrarenal aortic calcification volume
(r=0.44).
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Figure 2.
Hcy in human atheroma. (A) The presence of protein-bound Hcy within the atheroma biopsies
was identified using dot blot. (B) tHcy was higher in the calcified versus the non calcified
biopsies using immunoassay quantification.* p=0.003 using Mann-Whitney comparison to
non-calcified biopsies. (C) Multiple biopsies (n=9) from one patient showed close correlation
between extracted tHcy and Ca concentrations (r=0.95).
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Figure 3.
Hcy stimulates calcium deposition by MSC. Microscopic images (10X) were taken of Von
Kossa stained MSC cultured in growth medium and osteogenic medium with or without
100μmol/L Hcy.
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Figure 4.
Effect of Hcy on AoSMCs. AoSMC were pre-incubated for 12 days prior to culturing an
additional 12 days in growth medium or osteogenic medium with or without 100μmol/L Hcy.
The effect of Hcy on calcification was assessed by (A) Von Kossa staining, (B) Ca deposition
and (C) ALP activity. Results are expressed as mean±sem of 3 separate experiments with
measurements in triplicate. * p ≤ 0.05 in the non-parametric Mann-Whitney comparison with
osteogenic culture in the absence of Hcy.
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Figure 5.
Effect of Hcy on monocytic cell induced osteogenic differentiation of AoSMC. AoSMC were
cutured in osteogenic media for 12 days followed by culturing in condition media from
monocytic cells which had been exposed to 100μmol/L Hcy. After a further 12 days cells were
assessed for: (A) Von Kossa staining, (B) Ca deposition and (C) ALP activity. Results are
expressed as mean±sem of 3 separate experiments with measurements in triplicate. * p ≤ 0.05
in the non-parametric Mann-Whitney comparison with osteogenic culture in the absence of
Hcy.
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Table 1
Characteristics of the patients.

Characteristics Characteristics

Number 194 Hemoglobin (g/L) 142 (130–150)

Male 140 (72%) White blood cell (109/L) 7.8 (6.3–9.5)

Age (years) 69.0 (63.0–74.0) Glucose (mM) 5.5 (5.0–6.5)

Intermittent claudication 130 (67%) CRP (mg/L) 4.0 (2.0–7.0)

AAA 82 (42%)* Plasma tHcy (μM) 12.0 (10.0–15.0)

Diabetes 54 (28%) Cholesterol (mM) 4.55 (4.00–5.60)

Hypertension 130 (67%) Triglyceride (mM) 1.70 (1.20–2.40)

Current smoking 63 (32%) LDL (mM) 2.50 (1.90–3.28)

Ex smoker 75 (39%) HDL (mM) 1.20 (1.01–1.50)

Never smoker 56 (29%) Calcium channel blockers 59 (30%)

Aspirin 125 (64%) Angiotensin II receptor blocker 27 (14%)

Statin 100 (52%) Beta blockers 55 (28%)

ACE inhibitor 50 (26%) Infrarenal aortic calcification volume
(mm3)

1224 (500–2662)

Data are numbers and percentages for nominal variables and median (IQR) for continuous variables.

*
18(9%) patients presenting with intermittent claudication also had an AAA identified. AAA= Abdominal aortic aneurysm; ACE= Angiotensin converting

enzyme; CRP= C-reactive protein; LDL= Low density lipoprotein; HDL= High density lipoprotein.
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Table 2
Variables associated with infrarenal abdominal aortic calcification

Variable OR (95% CI) Variable OR (95% CI)

Age (per 5 years) 1.73 (1.29–2.31) Plasma tHcy (per 5mM) 1.91 (1.17–3.12)

Male sex 1.03 (0.42–2.62) Creatinine (per 100μM) 0.27 (0.07–1.14)

Hypertension 1.56 (0.56–4.37) Beta blocker 0.86 (0.35–2.12)

Current smoking 0.98 (0.28–1.35) ACE inhibitor 1.02 (0.41–2.56)

Diabetes 1.03 (0.41–2.63) Angiotensin II inhibitor 0.73 (0.21–2.43)

CHD 1.16 (0.53–2.54) Statin 1.40 (0.62–3.52)

LDL (per 1mM) 1.0 (0.73–1.36) Aspirin 0.70 (0.29–1.67)

HDL (per 1mM) 0.72 (0.22–2.43) Maximum infrarenal aortic 0.88 (0.75–1.02)

CRP (per 1mg/L) 1.01 (0.99–1.03) diameter (per 5mm)

Relationship between 17 vasriables and infrarenal aortic calcification volume medians by logistic regression. R2=0.3 χ2=39.4, p<0.001. Odds ratios (OR)
for nominal variables refer to the effect of having the risk factor compared to not. Odds ratios for continuous variables refer to the effect of an approximate
one standard deviation increase in the variable. CI= confidence intervals; CHD= coronary heart disease LDL= low density lipoprotein; HDL= high density
lipoprotein; CRP= C-reactive protein; ACE= angiotensin converting enzyme.
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