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Arterial vascular calcification (VC) represents formation of calcium phosphate deposits on the interior of arteries, which could
restrict blood flow leading to heart health problems, including morbidity and mortality. VC is a complex and tightly regulated
process that involves transformation of vascular smooth muscle cells (VSMCs) to bone-like cells and subsequent deposition of
calcium as hydroxyapatite. Natural bioactives, including quercetin (Q), curcumin (C), resveratrol (R), and magnesium (Mg), have
been reported to inhibit VC.)us, we conducted an in vitro study using rat vascular smoothmuscle cells (rVSMCs) to evaluate the
protective effect of natural bioactives found in OptiCel, that is, Mg combined with polyphenols (PPs), Q, C, and R. Calcification
was induced by culturing rVSMCs in a high phosphate (HP) medium.)e addition of Mg and Q+C+R separately decreased the
HP-induced calcium deposition by 37.55% and 42.78%, respectively. In contrast, when Mg was combined with Q, C, and R, the
inhibition of calcium deposition was decreased by 92.88%, which is greater than their calculated additive inhibition (80.33%).
)ese results demonstrate that the combination of Mg with selected PPs (Q, C, and R) is more effective than when used separately.
)e findings also suggest the combination has a synergistic effect in inhibiting VC, which is a risk factor for cardiovascular disease.
)us, regular consumption of these natural bioactives could have a beneficial effect in reducing the development of heart diseases.

1. Introduction

Despite numerous medications and intervention proce-
dures, cardiovascular disease (CVD) continues to be a major
cause of morbidity and mortality. In fact, CVD is the most
common cause of death in the world and accounts for
approximately one-third of all deaths [1]. In 2017, there were
nearly 650,000 deaths in the U.S, due to CVD, which
accounted for 23% of all deaths [2].

)e primary cause of heart disease is the hardening of the
artery, which is known as atherosclerosis [3, 4]. Under this
condition, fat and calcium build up in the wall of the arteries
and form a hard structure called plaque [3]. )e resulting
calcified plaque causes the arteries to become narrower and
stiff and reduces and/or blocks blood flow to the various
organs, which subsequently leads to heart attack and stroke.
Vascular calcification (VC) in the vascular smooth muscle
cells (VSMCs), which is characterized by the deposition of
calcium phosphate in the form of hydroxyapatite, is

recognized as one of the major risk factors for the devel-
opment and progression of heart diseases [3–6].

)e development of VC has been shown to be a tightly
regulated metabolic process [5, 6]. It involves the differ-
entiation of normal contractile phenotype VSMCs to oste-
ogenic/bone-like cells and deposition of calcium as
hydroxyapatite [5, 6]. Multiple triggers are involved in the
development of VC. )is includes oxidative stress, inflam-
mation, hypertension, diabetes, hyperphosphatemia, kidney
disease, dyslipidemia, high calcium, and high vitamin D
[5, 6]. )ese triggers induce VC by upregulating the ex-
pression of various transcription factors, signaling pathways,
and growth factors, which promote differentiation of
VSMCs to bone-like cells and subsequent deposition of
calcification as hydroxyapatite [5–9].

Currently, there is no treatment available for VC even
though it is one of the major risk factors for the development
of heart disease. Natural compounds, commonly found in
fruits, vegetables, spices, and herbs, have been shown to
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inhibit VC development by suppressing differentiation of
VSMCs to osteogenic/bone-like cells and formation of
calcium as hydroxyapatite [10–14]. Magnesium (Mg) and
quercetin (Q) commonly found in fruits and vegetables
[15, 16], resveratrol (R) contained in grapes and berries [17],
and curcumin (C) obtained from the spice turmeric [18]
have been shown to inhibit VC in a number of studies
[10–14].

To date, there are no reported studies on the effect of Mg
combined with selected PPs (Q, C, and R) on VC. )us, the
objective of our study is to evaluate the effect of Mg and in
combination with C, Q, and R on VC in rVSMCs, that is,
bioactives currently used in OptiCel Heart Health dietary
supplement. Specifically, the aim of this research is to assess
additive and potentially synergistic benefits from the bio-
actives in preventing vascular calcification.

2. Materials and Methods

2.1. Cell Culture. rVSMC primary cells (Lonza R-ASM-580;
3001900115) were cultured following the procedures de-
scribed by others with slight modifications [12, 14]. Cells
were cultured in a humidified atmosphere at 37∘C and 5%
CO2. Standard culture medium consisted of DMEM (Gibco
1 1966- 500), streptomycin/penicillin (Gibco 1 5630-080),
and 0.3% DSMO (Sigma-Aldrich D2650), supplemented
with 20% fetal bovine serum (FBS, SERADIGM 1 500-500).
Cell layers were detached with 0.05% trypsin/0.02% EDTA
solution (GIBCO 25200). Cells were maintained at 70–80%
confluence by passing as needed. A portion of the rVSMCs
was stored for later use under frozen conditions using 90%
FBS (Seradigm 1 500-500) and 10% DMSO (Sigma D2650).

2.2. Experimental Design. In the control group (CL),
rVSMCs were cultured in a standard culture medium, which
contains physiological magnesium concentration (0.8mM)
and phosphate concentration (0.9mM). Calcification was
induced by incubating rVSMCs in the high phosphate (HP)
medium (5.0mM). To increase the phosphate concentration,
a combination of disodium hydrogen phosphate (Na2HPO4
EMD SX0720-1) and sodium dihydrogen phosphate
(NaH2PO4 EMD SX0710-1) at 1 : 2 ratio was added. To
evaluate the inhibition of VC by the bioactives, Q (Tocris
1125) at 50 µM, R (Tocris 1418/100)) at 100 µM, and C
(Sigma-Aldrich, C7727) at 5 µM were added to the HP
medium. Mg was added as magnesium chloride (Sigma
R0971) to increase the final magnesium concentration to
1.4mM (Mg). )e treatment groups in the study included
the following: (a) CL, (b) HP, (c) Mg, (d) Q+C+R, and (e)
Mg+Q+C+R. All bioactives were dissolved in 0.3%DMSO
media. )e concentrations for each bioactive were chosen
based on previous in vitro studies with slight modifications
[10–13].

2.3. Induction of Calcification and Treatment with Mg,
Q+C+R, and Combination of Mg+Q+C+R in rVSMCs.
Cells were thawed and allowed to grow in a growthmedium for
9 days in a 37°C, 5% CO2 incubator.)en, they were dispensed

into a 96-well plate at 20,000 to 60,000 cells per well. After the
cells were adhered overnight, the medium was replaced with
growth medium alone for the CL group or calcification me-
dium, 5mM phosphate with and without the addition of the
bioactives. )e rVSMCs in the different treatments were
cultured for 9 days with freshmedia and exchanged every three
to four days. Each treatment was tested in four replicates.

2.4. Analysis of VSMC Calcification. After 9 days of incu-
bation, the medium was removed, and the monolayer cells
were washed twice with phosphate-buffered saline (PBS).
)en, the cells were decalcified overnight with 0.6N HCl at
2–8°C, and the supernatant was analyzed for calcium content
by using the QuantiChrom™ Calcium Assay Kit (BioAssay
Systems, CA, USA) following the instructions provided by
the manufacturer.

2.5. Statistical Analyses. Data are expressed as mean± SD.
)e T-test was used to determine the difference between
treatment means by using Microsoft Excel. A P value <0.5
was considered statistically significant.

3. Results

3.1. Induction of Calcification in rVSMCs by HP. To induce
calcification, the phosphate concentration in the HP group
was increased from 0.9mM to 5mM. At the end of 9 days of
incubation period, the calcium content of the HP group was
8.49± 2.57 µg/100 µl and 0.29± 0.16 µg/100 µl for the CL
group (p< 0.001) (Table 1).

3.2. Inhibition of rVSMC Calcification by Mg and Q+C+R.
After 9 days of incubation, increasing the concentration of
Mg to 1.4mM decreased calcification from 8.49± 2.57 µg/
100 µl in the HP group to 5.30± 0.78 µg/100 µl (p< 0.05)
(Table 1). Similarly, addition of polyphenols combination,
Q+C+R, reduced HP-induced calcification from
8.49± 2.57 µg/100 µl to 4.86± 0.28 µg/100 µl (p< 0.01) (Ta-
ble 1). Addition of Mg and Q+C+R decreased the high
phosphate-induced calcium deposition by 37.55% and
42.78%, respectively (Figure 1).

3.3. Effect of Mg and Q+C+R Combination in Inhibiting
Calcification in rVSMCs. Addition of the Mg and selected
polyphenols (Q+C+R) combination decreased calcification
from 8.49± 2.57 µg/100 µl in the HP group to 0.60 + 0.21 µg/
100 µl (p< 0.001) (Table 1). )e combination of Mg and
Q+C+R reduced calcification by 92.88% (Figure 1). )is
reduction in calcification by the combination of
Mg+Q+C+R was greater than the calculated additive
effect of Mg alone and Q+C+R alone (80.33%).

4. Discussion

Diets, particularly those rich in fruits, vegetables, and spices,
have been shown to have strong association with the re-
duction in VC [18]. )e health benefits of these foods are
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attributed to the various bioactives, including minerals,
vitamins, and phytonutrients [15–17, 19].

In this study, we have evaluated the effect of Mg with and
without the polyphenols (Q+C+R), which are naturally
found in fruits, vegetables, and spices, in an in vitro study
using rVSMCs. Mg alone reduced the increased phosphate-
induced calcification by 37.55%. )is value is in agreement
with the results previously reported by others [12, 20, 21].
Also, addition of Q, C, and R in combination with the high
phosphate medium decreased VC by 42.78%. However, the
treatment with Mg and Q+C+R combination inhibited the
calcification of rVSMCs by 92.88%. )is combined effect of
Mg and the polyphenols is greater than the calculated ad-
ditive effect of Mg and Q+C+R (80.33%). )e results
suggest the combination of Mg and the polyphenols, Q, C,
and R, has a synergistic effect in preventing VC. To the best
of our knowledge, this is the first study that demonstrated
almost complete inhibition of VC, when Mg and poly-
phenols, Q, C, and R, are used in combination.

Multiple studies have shownMg, Q, C, and R are effective
in inhibiting calcification in VSMCs, when tested individually
[10–13].)e results from an in vitro study showed quercetin is
effective in inhibiting a warfarin-inducedVC by inhibiting the
differentiation of VSMCs to osteoblastic-like cells by sup-
pressing the expression of β-catenin signaling pathway
[11, 22]. Using similar in vitro studies, Mg has been shown to
inhibit phosphate-induced VC by suppressing the

differentiation of VSMCs to bone-like cells and formation of
hydroxyapatite [12, 20, 21]. )e inhibition of VC by Mg was
shown to be mediated through suppressing the expression of
growth factors, bone morphogenic proteins, osteogenic
transcription factors (runt-related transcription factor-2, and
osterix [12, 20, 21]. Resveratrol has been shown to inhibit
calcification of VSMCs by activating sirtuin 1 (SIRT1), an
inhibitor of both Runx2 and β-catenin signaling [13, 22, 23].
Roman-Garcia et al. [10] also demonstrated an addition of
curcumin reduces a calcium plus phosphate-induced VC by
inhibiting the differentiation of VSMCs to bone-like cells by
suppressing the expression of Runx2 [10].

)e development of VC is a complex metabolic process.
)e twomajor and critical steps involved in the development
of VC include the transformation of normal VSMCs to
osteogenic-like cells and calcium deposition in the form of
hydroxyapatite crystals [2, 3]. )ese metabolic processes are
regulated by multiple inducers, which include transcription
factors, growth factors, and signaling pathways [5–9], and
inhibitor proteins such as osteopontin, osteoprotegerin, and
matrix Gla protein [2, 3]. Although further study is needed,
the data clearly indicate that the combination of
Mg+C+Q+R provides at least an additional benefit. )ese
data also suggest that the combination is likely providing
synergistic benefits by modulating either the same inducers
and inhibitors or perhaps additional others that are involved
in the development of VC [10–13, 20–23].
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Figure 1: Percent reduction of vascular calcification in rVSMCs incubated in the HP medium by Mg, Q+C+R, and Mg+Q+C+R.

Table 1: Effect of Mg, Q+C+R, and Mg+Q+C+R in rVSMCs cultured in the HP medium.

Treatments Average Ca content (µg/100 µl± SD)
CL 0.29± 0.16
HP 8.49± 2.57a∗∗∗
Mg 5.30± 0.78b∗
Q+C+R 4.86± 0.28b∗∗
Mg+Q+C+R 0.60± 0.21b∗∗∗

In the control group (CL), VSMCs were cultured in a medium containing 0.9mM phosphate and 0.8mM magnesium. In the treatment groups, high
phosphate (HP) concentration was increased from 0.9mM to 5mM (HP). In the Mg group, the Mg level was increased from 0.8mM to 1.4mM. )e
polyphenol concentrations used were 50 μM for Q, 5 μM for C, and 100 μM for R. )e results are presented as mean± SD of four replicates. ap values as
compared with CL, bp values as compared with HP, and cp values as compared with Mg. ∗p value< 0.05; ∗∗p value< 0.01; ∗∗∗p value< 0.001.
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5. Conclusion

)e results from our study demonstrate the addition of
magnesium and Q, R, and C combination almost completely
inhibited the development of phosphate-induced vascular
calcification in rVSMCs. It is likely that the combination of
Mg and selected polyphenols is having a synergistic effect in
inhibiting VC by downregulating the multiple triggers,
pathways, and mechanisms involved in the development of
VC. Even though the study’s finding needs to be corrobo-
rated with clinical data, it does suggest consumption of
magnesium, quercetin, curcumin, and resveratrol together
could more effectively contribute to the prevention and
treatment of heart disease by inhibiting the development and
progression of vascular calcification.

Data Availability

Key data are included in the article. Data on a similar study
and outcome are available from Dr. Gabe Tzeghai.

Conflicts of Interest

)e authors declare there are no conflicts of interest in the
publication of this article. Gabe Tzeghai, Satya Majeti,
and Haile Mehansho work at Summit Innovation Labs,
LLC.

Acknowledgments

)e authors thank Charles River Laboratories (Cleveland,
Ohio, USA) for independently conducting the experiments.
)e study was supported by the Summit Innovation Labs,
LLC, maker of OptiCel.

References

[1] Y. Wang, O. Chun, and W. Song, “Plasma and dietary an-
tioxidant status as cardiovascular disease risk factors: a review
of human studies,” Nutrients, vol. 5, no. 8, pp. 2969–3004,
2013.

[2] K. D. Kochanek, S. L. Murphy, B. S. J. Xu, and E Arias,
“Deaths: final data for 2017,” National Vital Statistics Reports,
vol. 68, no. 9, 2019.

[3] J. Waever, “Insights into how calcium forms plaques in ar-
teries pave the way for new treatments for heart disease,” PLoS
Biology, vol. 11, Article ID e1001533, 2013.

[4] L. J. Schurgers, H. M. H. Spronk, J. N. Skepper et al., “Post-
translational modifications regulate matrix GLA protein
function: importance for inhibition of vascular smooth
muscle cell calcification,” Journal of 9rombosis and Hae-
mostasis, vol. 5, no. 12, pp. 2503–2511, 2007.

[5] D. Zhu, N. C. W. Mackenzie, C. Farquharson, and
V. E. MacRae, “Mechanism and clinical consequences of
vascular calcification,” Frontiers in Endocrinology, vol. 3,
pp. 1–12, 2012.

[6] R. C. Johnson, J. A. Leopold, and J. Loscalzo, “Vascular
calcification,” Circulation Research, vol. 99, no. 10,
pp. 1044–1059, 2006.

[7] J. S. Shao, S. L. Cheng, J. Sadhu, and D. A. Towler, “In-
flammation and the osteogenic regulation of vascular

calcification: a review & perspective,” Hypertension, vol. 55,
pp. 579–592, 2006.

[8] C. H. Byon, A. Javed, Q. Dai et al., “Oxidative stress induces
vascular calcification through modulation of the osteogenic
transcription factor Runx2 by AKT signaling,” Journal of
Biological Chemistry, vol. 283, no. 22, pp. 15319–15327, 2008.

[9] F. Paneni, S. Costantino, and F. Cosentino, “Molecular
mechanism of vascular dysfunction and cardiovascular bio-
markers in type 2 diabetes,” Cardiovascular Diagnosis and
9erapy, vol. 4, pp. 324–332, 2014.

[10] P. Roman-Garcia, S. Barrio-Vazquez, J. L. Fernandez-Martin
et al., “Natural antioxidants and vascular calcification: a
possible benefit,” Journal of Nephrology, vol. 24, no. 6,
pp. 669–672, 2011.

[11] K. E. Ruiz-Torres, S. Eghtesad, and M. V. Nurminskaya,
“Quercetin attenuates warfarin-induced vascular calcification
in vitro independently from matrix GLA protein,” Journal of
Biological Chemistry, vol. 288, no. 4, pp. 2632–2640, 2013.

[12] A. M. De Oca, F. Guerrero, J. M. Martinez-Moreno et al.,
“Magnesium inhibits Wnt/β-catenin activity and reverses the
osteogenic transformation of vascular smooth muscle cells,”
PLoS One, vol. 9, no. 2, p. e89525, 2014.

[13] P. Zhang, Y. Li, Y. Du, G. Li, L. Wang, and F. Zhou,
“Resveratrol ameliorated vascular calcification by regulating
Sirt-1 and Nrf2,” Transplantation Proceedings, vol. 48, no. 10,
pp. 3378–3386, 2016.

[14] C. Freise, K. Y. Kim, and U. Querfeld, “A lindera obtusiloba
extract blocks calcium-/phosphate-induced trans-
differentiation and calcification of vascular smooth muscle
cells and interferes with matrix metalloproteinase-2 and
metalloproteinase-9 and NF-κB,” Complementary and Al-
ternative Medicine, vol. 2015, Article ID 679238, 2015.

[15] N. Leenders and M. Vervloet, “Magnesium: a magic bullet for
cardiovascular disease in chronic kidney disease?,” Nutrients,
vol. 11, no. 2, p. 455, 2019.

[16] M. C. Serban, A. Sahebkar, A. Zanchetti et al., “Effects of
quercetin on blood pressure: a systematic review and meta-
analysis of randomized controlled trials,” Journal of the
American Heart Association, vol. 5, no. 7, Article ID e002713,
2016.

[17] E. Pagliaro, C. Santolamazza, F. Simonelli, and S. Rubattu,
“Phytochemical compounds and protection from cardiovas-
cular diseases: a state of the art,” BioMed Research Interna-
tional, vol. 2015, Article ID 918069, 2015.

[18] M. D. Miedema, A. Petrone, J. M. Shikany et al., “)e as-
sociation of fruit and vegetable consumption during early
adulthood with the prevalence of coronary artery calcium
after 20 years of follow-up: the CARDIA study,” Circulation,
vol. 132, pp. 1990–1998, 2015.

[19] P. Mirzabeigi, A. H. Mohammadpourb, M. Salarifarc,
K. Gholami, M. Mojtahedzadeh, and M. R. Javadi, “)e effect
of curcumin on some of traditional and non-traditional
cardiovascular risk factors: a pilot randomized, double-blind,
placebo-controlled trial,” Iranian Journal of Pharmaceutical
Research: IJPR, vol. 14, no. 2, pp. 479–486, 2015.

[20] Y. Bai, J. Zhang, J. Xu et al., “Magnesium prevents
β-glycerophosphate-induced calcification in rat aortic vas-
cular smooth muscle cells,” Biomedical Reports, vol. 3, no. 4,
pp. 593–597, 2015.

[21] A. D. Ter Braake, P. T. Tinnemans, C. M. Shanahan,
J. G. J. Hoenderop, and J. H. F. De Baaij, “Magnesium pre-
vents vascular calcification in vitro by inhibition of hy-
droxyapatite crystal formation,” Scientific Reports, vol. 8, no. 1,
p. 2069, 2018.

4 Advances in Preventive Medicine



[22] C. T. Chao, H. Y. Yeh, Y. T. Tsai et al., “Natural and non-
natural antioxidative compounds: potential candidates for
treatment of vascular calcification,” Cell Death Discovery,
vol. 5, p. 145, 2019.

[23] A. Takemura, K. Iijima, H. Ota et al., “Sirtuin 1 retards
hyperphosphatemia-induced calcification of vascular smooth
muscle cells,” Arteriosclerosis, 9rombosis, and Vascular Bi-
ology, vol. 31, no. 9, pp. 2054–2062, 2011.

Advances in Preventive Medicine 5


