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Abstract: Vascular calcification is a pathophysiological process that is associated with coronary atherosclerosis,
and is a prognostic marker of cardiovascular morbidity and mortality. The process of arterial wall calcification is
triggered and accompanied by pro-osteogenic phenotypical modifications of resident smooth muscle cells (SMC).
Vitamin C (ascorbic acid) is an essential nutrient required to support the production of extracellular matrix components and maintain healthy connective tissue. In this study we investigated the effects of ascorbic acid on cultured
human aortic SMC calcification process in vitro. Our results demonstrate that supplementation of SMC cultures
with ascorbic acid significantly decreases calcium accumulation in SMC-produced and -deposited extracellular matrix. These effects were accompanied by a reduction in cell-associated alkaline phosphatase activity. Significantly,
treatment of cultured SMC with HMG-CoA reductase inhibitors, simvastatin and mevastatin, resulted in increased
calcium accumulation in cultured SMC. These effects were blocked by ascorbic acid. The effects of ascorbic acid
supplementation on pro-osteogenic modification were compared in different cell types. Analysis of the expression
of osteogenic markers in cultured human aortic SMC, human dermal fibroblasts and immortalized human osteoblasts (hFOB) revealed cell type-specific responses to ascorbate supplementation. We conclude that ascorbic acid
supplementation can actively and beneficially interfere with the process of arterial wall calcification, with potential
implications for human health.
Keywords: Smooth muscle cells, fibroblasts, osteoblasts, calcification, extracellular matrix, alkaline phosphatase,
osteogenic markers

Introduction
Vascular calcification is a relevant pathophysiological process that is associated with coronary atherosclerosis, and is a prognostic marker of cardiovascular morbidity and mortality
[1-3].
Vascular smooth muscle cells (SMC) have an
extraordinary capacity to undergo osteoblastic
phenotypical differentiation. Whether it is a
smooth muscle cell, a mesenchymal cell, or
vascular pericyte, calcification of the intimal
and/or medial vascular cell layer leads to differentiation of osteoblasts, and is characterized by increased alkaline phosphatase activity, osteocalcin production and bone matrix
secretion [4]. Biochemical mechanisms associated with the conversion of SMC into osteoblastic cells have been elaborated; however the

decisive mechanisms of what triggers and/or
regulates this process have remained largely
elusive.
Recent studies showed that plaque calcification is a dynamic process and relates to the
degree of vascular inflammation. Several inflammatory factors produced during the different phases of atherosclerosis can induce the
expression and activation of osteoblastic cells
located within the arterial wall, which, in turn,
promote the deposition of calcium.
The presence of regulatory proteins along with
differentiated osteoblast-like cells was demonstrated to originate from vascular smooth
muscle cells that were designated calcifying
vascular cells [5]. These cells are implicated in
the synthesis/reabsorption of bone in atherosclerotic plaques, especially in the process of

Vitamin C inhibits calcification in smooth muscle cells
calcification [6]. Thus, it has been proposed
that bone cell function in the vascular wall is
in some respects similar to that found in bones [7]. However, in vitro studies provide evidence that the regulation of bone synthesis in
the vascular wall is different from that which
takes place in the skeleton. When stimulated
by oxidative stress or with oxidized LDL, osteoblasts of the skeleton and CVCs (a population
of vascular cells with osteoblastic characteristics) show opposing responses: a decrease and
increase in bone formation, respectively [8, 9].
Vitamin C is a very powerful antioxidant and is
essential for the formation of collagen and
optimum extracellular matrix (ECM) [10, 11]. It
has been demonstrated to prevent lipoprotein
deposition and development of atherosclerosis
by protecting the integrity and strength of the
vascular wall [12].
Our previous studies have shown that ascorbate can inhibit excessive proliferation and
migration of SMC in vitro [13]. Also, dietary
vitamin C is essential in preventing the deposition of lipoproteins in the vascular wall
and atherosclerosis in genetically engineered
mice, mimicking human metabolism in relation
to their inability to produce vitamin C and their
expression of human lipoprotein(a) [14]. In a
clinical study, a daily micronutrient supplement, including about 4 grams of vitamin C,
was able to halt the progression of coronary
calcifications in patients diagnosed with early
coronary artery disease [15].
Thus, it is conceivable that vitamin C plays a
decisive role in regulating the cellular and
extracellular architecture and function inside
the vascular wall. With an optimum availability
of ascorbate, the integrity and stability of the
vascular wall would be provided, above all, with
an optimum synthesis of collagen and other
ECM molecules. In chronic ascorbate deficiency or subclinical scurvy, the demand for compensatory mechanisms may arise to add
compensatory stability to a structurally impaired vascular wall-including by means of
calcification.
In this study we investigated the effects of
vitamin C on vascular SMC, human dermal
fibroblasts (DF) as well as on immortalized
human fetal osteoblasts (FOB), as well as the
potential of these cells to contribute to vas-
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cular calcification. Moreover, we evaluated
the role of statins in connection with this
regulatory process, in light of the fact that
these drugs are currently taken by millions of
patients in the expectation that they curb vascular calcification.
Materials and methods
Reagents
All reagents were from Sigma-Aldrich (St. Louis,
MO) except when indicated differently.
Cell cultures
Normal human dermal fibroblasts (hDF) and
immortalized human fetal osteoblasts (hFOB)
were supplied by ATCC (Manassas, VA). Human
aortic smooth muscle cells (AoSMC) were
purchased from Cambrix (East Rutherford, NJ)
and used in experiments at 5-7 passages.
Cell cultures were maintained in DMEM medium (ATCC) containing antibiotics and 5% fetal
bovine serum (FBS, ATCC). In some experiments, cells were incubated in pro-osteogenic
medium, defined as 5% FBS/DMEM fortified
with 5 mM beta-glycerophosphate with or
without 25 mcM forskolin. All cell cultures
were maintained at 37°C and 5% CO2 atmosphere. Cell viability was monitored with MTT
assay.
Alkaline phosphatase activity assay in AoSMC
AoSMC were plated in 96-well plates and
grown to confluent layer. Cells were incubated
with ascorbic acid in growth medium for 3
days. Cells were washed with phosphate buffered saline (PBS) and supplemented with 25
mcg/ml 4-MUP (fluorescent ALP substrate,
Sigma) in alkaline buffer (Sigma)/1% Triton
X100 for 1 hour at room temperature. Enzyme
activity was evaluated by the level of fluorescence measured at 360 nm excitation/450 nm
emission with Cytofluor 4000 multiwell plate
reader (Perseptive Biosystems).
Calcium accumulation in extracellular matrix
AoSMC were seeded on fibronectin-covered
plastic plates at a density of 25,000 per
square cm and grown to confluence for 5-7
days. Ascorbic acid was added to cells at indicated concentrations for 72 hours in DMEM
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treated with 1% BSA/PBS for
1 hour at room temperature.
Immunoasssay for osteogenic
markers was done by sequential incubation with primary
monoclonal antibodies (R&D
Systems) in 1% BSA/PBS for
2 hours followed by 1 hour
incubation with secondary
goat anti-mouse IgG antibodies labeled with horse radish
peroxidase (HRP). Retained
Figure 1. Effects of ascorbic acid on calcification of extracellular matrix in
peroxidase activity was meacultured human aortic smooth muscle cells (AoSMC). Human AoSMC were
sured after the last washing
seeded in 96 well plates and grown to confluency in 5% FBS/DMEM. Cells
cycle (3 times with 0.1%
were incubated with increasing concentrations of ascorbic acid for four days
BSA/PBS) using TMB pein cell growth medium. Cell associated alkaline phosphatase activity was
evaluated by accumulation of fluorescent product (360 nm exitation/450
roxidase substrate reagent
nm emmission) after cell incubation with 25 mcg/ml 4-MUP (fluorescent ALP
(Rockland). Optical density
substrate, Sigma) in alkaline buffer (Sigma)/1% Triton X100 for 1 h at room
was read with plate reader
temperature. In separate plate cell layers were washed with PBS and extra(Molecular Devices) at 450
cellular matrix (ECM) was exposed by cell removal with NH4OH/Triton X100
nm and expressed as a pertreatment. Calcium from ECM was solubilized by incubation in 0.6 N HCl for
48 hours at 37°C. Calcium content in solubilized samples was measured
centage of control cell samwith Calcium diagnostic kit (TECO Diagnostics). Results were expressed as
ples incubated in unsupplepercentage of cell samples incubated in plain unsupplemented cell growth
mented 2% FBS/DMEM. To
medium. *, indicates significant differences from unsupplemented controls
ensure a direct comparison of
(P<0.05) in two-tailed t-test.
osteogenic markers’ expression on different cell types, all
supplemented with 2% FBS and cell-produced
cell-covered plates were treated identically and
extracellular matrix was exposed by sequential
simultaneously during immunoassay.
treatment with 0.5% Triton X100 and 20 mM
Statistical analysis
ammonium sulfate in phosphate buffered
saline (PBS, Life Technologies) for 3 min each
Results in figures are means ± SD from 3 or
at room temperature as described previously
more repetitions from the most representative
[16]. After 4 washes with PBS, ECM layers
of at least 2 independent experiments. Diffwere solubilized by incubation in 0.6 N HCl for
erences between samples were estimated with
48 hours at 37°C. Calcium content in solubia two-tailed Student’s t-test using Excel softlized samples was measured with calcium
ware (Microsoft) and accepted as significant at
diagnostic kit (TECO Diagnostics) according to
p values less than 0.05.
manufacturer’s protocol.
Expression of osteoblast markers in human
cultured cells
For experiments, AoSMC, DF and hFOB cells
were seeded in separate 96-well plastic plates
at density 25,000 per square cm and grown
to confluence. Cells were cultured in plain 2%
FBS/DMEM or in pro-osteogenic medium (2%
FBS/DMEM supplemented with 5 mM betaglycerophosphate and 25 mcM forskolin) for
4 weeks in either the presence or absence of
200 mcM ascorbic acid. Cell layers were
washed 3 times with PBS and fixed with 3%
formaldehyde in PBS at 4°C for 1 hour. Fixed
cell layers were washed 4 times with PBS and
110

Results
The cellular calcification process was investigated in human AoSMC cultured in a regular
cell growth medium (5% FBS/DMEM) in both
the absence and presence of various amounts
of ascorbic acid. The calcification process of
AoSMC was evaluated by the activity of cellular
alkaline phosphatase and calcium accumulation in the cell-produced extracellular matrix
(Figure 1).
The results show that supplementation of
AoSMC medium with ascorbic acid up to 300
mcM resulted in a significant decrease in the
Am J Cardiovasc Dis 2020;10(2):108-116
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20% and alkaline phosphatase activity decreased by
80%.
The effect of ascorbate on
AoSMC calcification was also
tested in the presence of
agents known to stimulate
arterial calcifications, such as
statins [17, 18]. The results
presented in Figure 2A show
that calcium accumulation in
AoSMC layers was increased in the presence of simvastatin by 23%. However, the
concomitant presence of 100
mcM calcium ascorbate resulted in a 54% decrease of
accumulated calcium to the
value of 0.2 mcg/well, which
correlated with the values
observed in cells not exposed
to simvastatin.

Figure 2. Effects of statins and ascorbic acid on AoSMC culture calcification.
Human AoSMC were seeded in plastic plates in 5% FBS/DMEM. Additions
of statins and ascorbic acid (AsA) started after cells grew to confluent layer
in 5 mM b-glycerophoshate/5% FBS/DMEM supplemented (B, C) or nonsupplemented (A) with 25 mcM forskolin. Medium was changed every two
or three days. After 10 day incubation cell culture Calcium content (A, B)
was measured in 0.6 N HCl whole cell layer extracts (48 hours incubation
at 37°C). Cell-associated alkaline phosphatase activity (C) was analyzed by
fluorescent assay after incubation with 25 mcg/ml 4-MUP (fluorescent ALP
substrate, Sigma). Experimental procedures are described in more details in
Materials and Methods section and in the Figure 1 legend. * and ~, indicate
significant differences from unsupplemented controls and from ascorbiatefree samples, respectively (P<0.05) in two-tailed t-test.

level of extracellular calcium as well as in the
reduced activity of cellular alkaline phosphatase in a dose-dependent manner. In the presence of 300 mcM ascorbate the extracellular
Calcium accumulation by AoSMC decreased by
111

The effect of ascorbate on
calcium accumulation in AoSMC under enhanced pro-calcification conditions (with forskolin) and in the presence of
a statin (mevastatin) is presented in Figure 2B. The
results show that in the presence of 1 mM mevastatin,
calcium accumulation increased from 1.35 mcg/well in
control to 1.8 mcg/well with
mevastatin. However, when
100 mcM ascorbate was
added, calcium accumulation
decreased by 19% to below
control (unsupplemented) values. Alkaline phosphatase
activity in AoSMC increased
significantly in the presence
of 1 mcM statin (Figure 2C).
These pro-calcification effects
of statins were diminished in
the presence of 300 mcM
ascorbic acid.

In addition to AoSMC, we studied the effect of
ascorbate on the cellular calcification process
in human dermal fibroblasts (hDF) and immortalized human fetal osteoblasts (hFOB) by evaluating changes in the expression of different
Am J Cardiovasc Dis 2020;10(2):108-116
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Figure 3. Effects of ascorbic acid supplementation on osteogenic markers
expression in human cells cultured in pro-osteogenic cell culture media. Human AoSMC (A) and human dermal fibroblasts (B) were cultured in 5% FBS/
DMEM supplemented with 5 mM beta-Glycerophosphate and 25 mcM Forskolin for four weeks. Osteogenic markers expression was measured by immunoassay as described in Materials and Methods. AoSMC (A) and human
dermal fibroblasts (B) were seeded in separate 96 well plastic plates and
grown to confluence. Cells were cultured in 2% FBS/DMEM supplemented or
not with 200 mcM ascorbic acid for four weeks. Cell layers were washed with
PBS and fixed with 3% formaldehyde. Immunoasssay for osteogenic markers on fixed cells was done by 2 hours incubation with primary monoclonal
antibodies (R&D Systems) followed by 1 hour incubation with secondary
goat anti-mouse IgG antibodies labeled with horse radish peroxidase (HRP).
Retained peroxidase activity was measured as optical density at 450 nm
and expressed as percentage of control cell samples incubated in unsupplemented 2% FBS/DMEM. For more details refer to Materials and Methods
section. *, indicate significant differences from ascorbate-free samples
(P<0.05) in two-tailed t-test.

pro-osteogenic markers in these cells. The
results show that the expression of all tested
osteogenic markers was significantly reduced
by 200 mcM ascorbic acid supplementation in
both AoSMC and hDF cultures (Figure 3).
We compared the levels of osteogenic markers
in tested human cell types as presented in
Table 1. The results indicate that in a regular
growth medium, the expression of osteocalcin,
osteoadherin, dentin matrix protein 1 (DMP-1)
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and sclerostin (SOST) were
most prominent in osteoblast
cells (hFOB) closely followed
by fibroblasts (hDF); however,
in relation to the expression
of DMP-1, fibroblasts slightly surpassed FOB cultures.
Cellular expression of these 4
osteogenic markers in AoSMC
cultured in regular growth
medium was significantly (24)-fold less prominent than in
hFOB and hDF cultures. Different cell types responded
differently to a challenge with
a pro-osteogenic medium. Thus the levels of all 4 tested osteogenic markers were
increased in AoSMC cultures
(from 23% increase for osteoadherin to 48% increase for
osteocalcin). Whereas cell
expression of all markers was
decreased in hDF and hFOB
cultures. In hDF cultures osteoadherin expression was
reduced by 55%, followed
by osteocalcin and sclerostin
(44% reduction each) and by
DMP-1 with 25% reduction. In
hFOB cultures the most pronounced reduction was observed for the expression of
sclerostin (34% decrease), followed by osteoadherin and
osteocalcin (29% and 17%
reduction, respectively). DMP1 levels decreased only slightly (4% reduction).
Discussion

Due to their implication in the origins of cardiovascular disease and related mortality, vascular calcifications represent a major clinical
problem [19]. The degree of calcification correlates with the advancement of atherosclerosis,
age, and hypertension as dominant risk factors
for systemic calcified atherosclerosis [17].
In a recent statement by the Cardiac Society
of Australia and New Zealand, coronary artery
calcium (CAC) scoring was analyzed in its con-
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Table 1. Direct comparison of the levels of osteogenic markers expression in human aortic smooth
muscle cells (hAoSMC), human dermal fibroblasts (hDF) and human fetal osteoblast (hFOB)
Cell Type
AoSMC

Cell Culture
Medium

Osteocalcin

Plain

0.29 +/- 0.05a

Osteogenic Markers
Osteoadherin
Dentin Matrix Protein 1
0.26 +/- 0.03a

pro-Osteogenic 0.43 +/- 0.09 (148%)* 0.32 +/- 0.06 (123%)*
hDF
hFOB

Sclerostin

0.41 +/- 0.06a

0.21 +/- 0.03a

0.57 +/- 0.11 (139%)*

0.29 +/- 0.06 (138%)*

Plain

1.09 +/- 0.05b

0.89 +/- 0.09b

1.14 +/- 0.09b

0.66 +/- 0.06b

pro-Osteogenic

0.61 +/- 0.24 (56%)*

0.40 +/- 0.12 (45%)*

0.85 +/- 0.12 (75%)*

0.37 +/- 0.05 (56%)*

Plain

1.21 +/- 0.29b

1.49 +/- 0.15c

0.82 +/- 0.31c

0.96 +/- 0.20c

pro-Osteogenic

1.00 +/- 0.21 (83%)

1.05 +/- 0.21 (71%)*

0.79 +/- 0.08 (96%)

0.63 +/- 0.13 (66%)*

Cells were cultured in plain (2% FBS/DMEM) or in pro-osteogenic (medium supplemented with 5 mM b-glycerophosphate and 25 mcM forscolin)
cell culture media for four weeks. Immunoassay for osteogenic markers was performed simultaneously in plates with all cell types at identical
conditions. Data presented as averages +/- SD (n=8) of optical density reading at 450 nm expressed in OD arbitrary units. Numbers in parenthesis represent percentage changes in osteogenic markers expression in cell cultured in pro-osteogenic medium as compared to plain medium. *,
indicate significant differences from plain medium samples (P<0.05) in two-tailed t-test. Different low case letters (a, b, c) next to plain medium
samples indicate significant differences from other cell type samples for individual markers (P<0.05). Experimental details described in Materials
and Methods.

nection with the diagnosis and prognosis of
cardiovascular disease [20]. CAC scoring is a
non-invasive method for quantifying coronary
artery calcification using computed tomography. The statement indicates that CAC scoring
is a marker of atherosclerotic plaque burden
and the strongest independent predictor of
future myocardial infarction and mortality. CAC
scoring provides incremental risk information
beyond traditional risk calculators such as the
Framingham Risk Score. Its use for risk stratification is confined to the primary prevention of
cardiovascular events, and can be considered
as an individualized coronary risk scoring for
intermediate risk patients, allowing patients’
risk to be reclassified as low or high based on
the score.
The process of vascular calcification requires a
phenotypic transformation of vascular smooth
muscle cells into osteogenic cells [21]. In this
study we demonstrated that ascorbic acid
tested up to a concentration of 300 mcM can
reduce calcium accumulation produced by
AoSMC in the ECM. This effect was accompanied by the blockage of osteogenic transformation in the SMC as indicated by changes in specific metabolic parameters, such as
reduction in cellular alkaline phosphatase
activity, and cellular expression of osteoblast
marker proteins. A high level of serum alkaline
phosphatase (ALP) is associated with an
increased risk of mortality and myocardial
infarction [22]. ALP hydrolyses inorganic pyrophosphate, which is a strong inhibitor of calcium phosphate deposition.
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Special interest was ascribed to the evaluation of ascorbate’s effects on vascular calcification in the presence of cholesterol-lowering drugs, namely statins. It has been known
that statins increase vascular calcifications,
which is a recognized risk factor for heart
disease [23]. In the recent analysis of 8 prospective randomized trials using serial coronary intravascular ultrasound, Puri et al. [24]
concluded that independent of their plaqueregressive effects, statins promote coronary
atheroma calcification. Still there is a controversy between arterial calcification being a
well-established marker and prognostic indicator for cardiovascular disease development as
well as statins stimulating effects on arterial
calcification and ostensible beneficial effects
of statin supplementation on clinical events
in CVD patients. Some researchers are providing a plausible explanation of these conflicting facts as a “special” mechanism of arterial calcification under statin treatment
which results in greater lesion stability, defined
as fewer VH-thin-cap fibroatheromas and
plaque ruptures and more calcified thick-cap
fibroatheromas [25].
Our literature searches did not reveal any
literature data elaborating the effects of
statins and ascorbate on vascular SMC calcification process in vitro. Despite the fact that
pro-calcification effects of statins have been
reported in various clinical studies previously,
apparently there was no attempt to investigate
the molecular mechanisms involved. Here we
demonstrate novel findings that statins in both
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the absence and presence of pro-calcification
agent (forskolin), significantly increase extracellular calcium deposition in cultured
human SMC, and that ascorbic acid can
alleviate the adverse effect of these drugs by
inhibiting statin-induced calcification of SMC.
Statin-driven calcification of AoSMC culture
was associated with the stimulation of cellassociated alkaline phosphatase, a key enzyme in the calcification process [4], as presented in Figure 2C. Ascorbic acid decreased
alkaline phosphatase activity in statin-free
AoSMC cultures and counteracted a statindependent increase of the enzyme activity
(Figure 2C). These findings indicate that
regulation of the cell-associated activity of
alkaline phosphatase could be a possible cellular mechanism involved. Elucidation of the
particular molecular pathways involved in
these effects was outside the scope of this
study and should be addressed in further
research.
Ascorbic acid is a versatile multifunctional
biological agent essential for several crucial
physiological pathways. The most notable role
of ascorbic acid is in the prevention of scurvy
by providing vitamin-like effects (vitamin C).
The stability of connective tissue is dependent
on a proper supply of vitamin C. Scorbutic
symptoms are characterized by a weakened
stability of connective tissue, manifesting in
the inability of blood vessels to contain blood.
It takes 3-4 months of acute Vitamin C deficiency to develop clinical scurvy. It has been
proposed that chronic subclinical deficiency in
vitamin C intake, as has been widely reported
as occurring in modern societies, could result
in the gradual development of weakened arterial wall syndrome: an underlying cause of
vascular plaque formation and atherosclerosis
[26]. In this regard, the atherosclerotic process-characterized by thickening of the arterial wall with abnormally increasing number
of resident smooth muscle cells that produce
increased amounts of structurally modified
extracellular matrix and that triggers lipid
accumulation/lipoprotein retention-is a compensatory mechanism in the body’s attempt
to maintain sufficient mechanical stability of
blood vessels.
As such, arterial calcification could also be
regarded as a compensatory process to
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strengthen mechanical stability of the arterial
wall when it has been compromised by a chronic subclinical deficiency of Vitamin C [26].
In addition to serving as a cofactor in enzymatic
reactions in collagen synthesis and fibril tridimensional organization, ascorbic acid has
been demonstrated to be a powerful inhibitor
of inflammation and oxidative stress [27-29]:
pathological processes contributing to arterial
wall calcification.
Other cell types present in the vascular wall
also can contribute to the process of vascular
calcification. We demonstrated that vascular
fibroblasts undergo myogenic and osteogenic
phenotype modifications, especially in the media and adventitia layers of the arterial wall. In
this study we observed that under ascorbic
acid supplementation there was a reduction in
the osteogenic modification of fibroblasts, as
measured by a reduced expression of osteogenic markers. The effects of ascorbic acid on
the expression of osteogenic markers in osteoblast cells in comparison with vascular SMC
showed that its effects on pro-osteoblastic
differentiation were not parallel when SMC
were directly compared to osteoblasts. This
suggests the possible existence of generalized effects of ascorbic acid supplementation
on calcium metabolism in the entire organism
in addition to its cell-specific effects. As such,
a sufficient level of ascorbic acid supplementation seems to be essential for the proper
maintenance of calcium homeostasis.
Our study shows that different cell types
respond quite differently to pro-osteogenic
treatment. When cells were challenged with
pro-osteogenic conditions, the expression of
all 4 osteogenic markers in AoSMC cultures
were significantly elevated as compared to regular growth medium, whereas cell expression
of all 4 osteogenic markers was diminished in
osteoblasts and fibroblasts.
In light of these results, the increased calcification observed under long-term statin
treatment needs to be evaluated. The hypothetical interpretation that such increased calcification under statin therapy could be beneficial [24] or that there could be a beneficial
macro calcification, as opposed to a detrimental micro calcification [5] are little more than
speculation.
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Our data suggests that ascorbate is a key
regulator in vascular cells and plays a decisive
role in preventing the formation of calcium
deposits by smooth muscle cells, the most
abundant cell type in larger, muscular arteries.
Thus, ascorbate supplementation should be
part of any effective approach to cardiovascular disease prevention and treatment.
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