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ABSTRACT

Previous clinical study showed that aged garlic extract (AGE) has a preventive effect of vascular calcification in
patients with coronary artery diseases. It has been reported that vascular smooth muscle cells (VSMC) and in-
flammatory cells including macrophages and lymphocytes migrate to sub-intimal region where atherosclerotic
plaques are formed, and VSMC can differentiate into osteoblast-like cells, which are represented by the induc-
tion of alkaline phosphatase (ALP). We found that primary human coronary artery smooth muscle cells
(HCASMC) showed the increased ALP activity, when cultured in the medium containing ascorbic acid,
p-glycerophosphate, dexamethasone (IM), and supplemented with conditioned medium from macrophages
(MCM). Then we tested the effect of AGE subdivided fractions and several compounds found in AGE, and then
found that ((+)-(2S,3R)-Dehydrodiconiferyl alcohol, a dilignol compound existed in hydrophobic fraction of AGE,
inhibited ALP activity in HCASMC.
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1. Introduction atherosclerotic plaque calcification, associated with in-
flammatory reactions, may be similar to the process of
bone mineralization.

Smooth muscle cells are the predominant cell type
found in the arterial wall and are essential for the struc-
tural and functional integrity of the vessel. Unlike most
cell types that undergo terminal differentiation, smooth
muscle retains substantial phenotypic plasticity in re-
sponse to various stimuli including inflammatory cyto-
kines. It has been shown that vascular smooth muscle
cells (VSMC) can undergo a phenotypic transition into
osteoblast-like features in vivo [11], and that inflamma-
tory mediators promote differentiation of VSMC into
osteoblast-like cells in culture [12,13], resembling athe-
“Corresponding author. rosclerotic calcification observed in human tissues. These

The population suffering from an atherosclerosis is in-
creasing all over the world. It has been known that vas-
cular calcification is a common and clinically significant
feature of advanced atherosclerosis. The amount of calci-
fied atherosclerotic plaques, especially in coronary artery
is not only a strong predictor, but also a risk factor of
coronary heart disease [1,2]. These calcified lesions ex-
press bone-related proteins, including alkaline phospha-
tase (ALP), bone morphogenetic proteins, runt-related
gene 2 product, and osteopontin [3-8], and contain in-
flammatory cells, such as monocytes, macrophages, and
lymphocytes [9,10]. These observations suggest that
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results suggest that VSMC are involved in vascular cal-
cification in atherosclerotic plaques.

Although genetic factors definitely play a role in de-
termining individual susceptibility to atherosclerosis, diet
and life style are still major contributors to the disease,
suggesting that dietary supplements may help to prevent
atherosclerosis. Aged garlic extract (AGE) is produced
by aqueous ethanol extraction of raw garlic (Allium sati-
vum L.) for more than 10 months, resulting in enrichment
of water-soluble sulfur compounds and reduction in
harsh compounds [14]. Many clinical trials showed that
AGE has anti-atherosclerotic effects, such as lowering
cholesterol [15], inhibiting platelet aggregation [16,17],
and suppressing low-density lipoprotein (LDL) oxidation
[18]. It has been also found that the dietary supplementa-
tion of AGE retards coronary calcification in patients
having coronary artery disease with calcified plaques
[19,20]. AGE, however, does not lower cholesterol levels
or reduce the oxidation of LDL in this trial, suggesting
that the retardation in vascular calcification by AGE may
be due to some mechanisms other than cholester-
ol-lowering and anti-oxidative effects.

Based on these findings, we hypothesized that the re-
duction in coronary calcified plague by supplementation
of AGE was partly due to the suppression of osteogenic
differentiation in VSMC. In present study, we showed
that VSMC showed osteoblastic phenotype, which was
represented by the induction of alkaline phosphatase
(ALP) in the presence of glucocorticoid and inflamma-
tory mediators, and that AGE, its subdivided fractions
and the compound isolated from AGE inhibited ALP
activity.

2. Materials and Methods
2.1. Materials

Primary human coronary artery smooth muscle cells
(HCASMC), and SMC growth medium (SmGM-2) were
purchased from Lonza (Portsmouth, NH). Human mo-
nocytic THP-1 cells were purchased from European Col-
lection of Cell Cultures (Salisbury, United Kingdom).
Fetal bovine serum (FBS) and BCA protein assay kit
were purchased from Thermo Scientific (Rockford, IL).
MCI gel CHP20P resin was purchased from Mitsubishi
Chemical (Tokyo, Japan). Other reagents were purchased
from Sigma-Aldrich (St. Louis, MO), unless otherwise
stated.

2.2. Smooth Muscle Cell Culture

HCASMC were maintained in SmGM-2, following
manufacturer’s instructions. HCASMC were seeded at
0.5 x 10°/well/0.5 ml in 24-well plates, and grown in
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Dulbecco’s modified Eagle’s medium containing 4.5 g/L
D-glucose (DME high glucose medium), supplemented
with 15% FBS for 3 days. Then medium was switched to
either induction medium (IM), which contains 50 pg/ml
ascorbic acid (AsA), 10 mM g-glycerophosphate (8GP),
and 10 nM dexamethasone (Dex). For eliciting inflam-
matory responses, conditioned medium from THP-1 ma-
crophages (MCM) was added to IM at the concentration
of 10%. Cells were maintained up to 7 days, with the
medium being replenished every 2 - 3 days.

2.3. Preparation of Conditioned Medium from
THP-1 Macrophages

Human monocytic THP-1 cells were maintained in
RPMI-1640, supplemented with 10% FBS. To induce
differentiation into THP-1 macrophages, THP-1 cells
were seeded at 2.7 x 107/T75 flask/18 ml and treated
with 400 ng/ml phorbol 12-myristate-13-acetate for 1 - 3
days. Cells were then extensively washed with PBS, and
cultured in 9 ml per T75 flask of DME high glucose me-
dium supplemented with 15% FBS. After one-day, the
culture media were collected and centrifuged. The su-
pernatants were saved as MCM at —80°C until use.

2.4. Measurement of Alkaline Phosphatase
Activity

The ALP activity was measured as described previously
[21] with slight modifications. HCASMC monolayers
were washed with PBS, and lysed with 0.2 ml/well of 10
mM HEPES buffer (pH 7.9), 10 mM KCI, 1.5 mM
MgCl,, and 0.4 wiv% IGEPAL CA-630. Cell lysates
were centrifuged at 800 xg for 5 min at 4°C, and the su-
pernatants were saved. The ALP activity in the lysates
was determined by measuring the increase in absorbance
at 414 nm in 0.1 M 2-amino-2-methylpropanol-HCI
buffer (pH 10.5) containing 1 mM MgCl, and 8 mM p-
nitrophenyl phosphate as a substrate. Protein content of
cell lysates was determined by using BCA protein assay
kit.

2.5. Alkaline Phosphatase Activity Staining

The ALP activity staining was conducted as described
previously [22] with slight modifications. Briefly, cell
monolayers were fixed with 3.7% formaldehyde in PBS
for 15 min. Cells were washed with distilled water once,
and incubated with distilled water for 15 min. Cells were
then exposed to ALP staining solution, containing 0.1
mg/ml naphthol AS-MX phosphate, 0.6 mg/ml Fast Blue
BB salt, and 2 mM MgCl; in 0.1 M Tris-HCI buffer (pH
8.3), for 45 min. Cells were washed with distilled water
twice, and microphotographs were taken.
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2.6. Calcium Staining (Von Kossa Staining)

Von Kossa staining was carried out as described pre-
viously [22]. Cell monolayers were fixed with 3.7% for-
maldehyde in PBS for 10 min. Cells were washed with
distilled water twice, and cells were stained with 2.5%
silver nitrate in distilled water for 30 min. Cells were
washed with distilled water four times, and microphoto-
graphs were taken.

2.7. Fractionation of Aged Garlic Extract and
Preparation of Its Constituent Compounds

AGE is manufactured as described [23]. After removing
ethanol by evaporation, the residue was dissolved in dis-
tilled water, and the solution was applied to polyaromatic
adsorbent resin, MCI gel CHP20P. Resin was washed
with distilled water, and fraction passing through resin
was collected as non-adsorbed fraction. Then compounds
bound to resin were eluted with a graded methanol (10%,
50%, and 100%), and collected as 10%, 50%, and 100%
MeOH eluates, respectively. Non-adsorbed fraction was
separated into fractions containing high molecular and
low molecular weight compounds by dialysis membrane
(cut off 3500 Da). We collected fraction containing low
molecular weight compounds as hydrophilic fraction.
The separation scheme was shown in Figure 1(a). De-
hydrodiconiferyl alcohol (DDC) and Dihydrodehydrodi-
coniferyl alcohol (DDDC) were separated from AGE as
described previously [24]. AGE fractions or isolated
compounds were added to the medium at concentrations
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equivalent to 5 to 50 mg/ml AGE at every replacement of
the media. Figure 1(b) showed the concentration of AGE
fractions, and dilignols equivalent to 5 mg/ml AGE. We
expressed the concentration of all samples used as being
equivalent of AGE concentrations throughout this study.

2.8. Statistical Analysis

All experiments were performed with triplicate indepen-
dent samples, giving qualitatively identical results. Re-
sults are expressed as mean + SD. Data were analyzed
using Student’s t-test, with p value use <0.05 taken to
indicate statistical significance.

3. Results

3.1. ALP Activity in HCASMC Treated with
Induction Medium

Previous findings show that HCASMC could undergo
osteoblast differentiation in the presence of AsA, SGP,
and Dex [25-27]. Since inflammatory reactions occur in
the atherosclerotic lesions, we tested the possibility that
inflammatory stimuli could induce osteoblast differentia-
tion. For this experiment, we used conditioned media
from the culture of THP-1 macrophages (MCM) because
it has been reported that MCM elicits inflammatory sig-
nals [28]. We cultured HCASMC in either IM (serum-
containing DME high glucose medium supplemented
with AsA, SGP, and Dex) or IM + MCM (IM supple-
mented with MCM) for 7 days, and measured ALP

Concentration

AGE Fractions and related equivalent to

10% MeOH

50% MeOH

compounds AGE 5 mg/ml
F1 Fraction (hydrophilic) 1.2 mg/ml
10% MeOH Eluate 78 ug/ml
50% MeOH Eluate 24 pg/ml
100% MeOH Eluate 9 ug/ml
DanOdE 13 4o
Dihydrodehydrodiconiferyl 0.7 ug/mi

alcohol (DDDC)

(b)

Figure 1. Preparation of test sample and its constituent content. (a) Separation scheme of AGE subdivide fractions; (b) Con-
centrations of AGE fractions and related compounds equivalent to 5 mg/ml AGE.
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enzyme activity spectrophotometrically. Figure 2(A) showed
that ALP activity in IM + MCM-treated HCASMC in-
creased about 10-fold, compared to that in IM-treated
cells in 7 days culture. The addition of 10% MCM also
augmented ALP activity about 3-fold. When HCASMC
were treated with both IM and MCM, even greater in-
duction of ALP activity was observed (about 20-fold
induction vs. GM-treated cells), which was consistent
with the results of ALP activity staining in cells (Figures
2(B)-(E)). The induction of ALP results in the hydrolysis
of BGP to liberate inorganic phosphate, followed by the
accumulation of calcium phosphate deposits, as it hap-
pens in ossification [29]. We therefore examined if the
extent of calcium deposition in HCASMC was altered
under the culture conditions. We treated HCASMC with
the induction media for 14 days, and conducted von
Kossa staining to examine calcium deposition. Calcium
deposition was not detected in GM-treated HCASMC
(Figure 2(F)), but moderate deposition was observed in
IM- and MCM-treated cells (Figures 2(G) and (H), re-
spectively). As expected, HCASMC treated with IM

A

7000

supplemented with MCM showed a large amount of cal-
cium deposit (Figure 2(1)). The extent of calcium depo-
sition was parallel to that of ALP activity, indicating that
induction of ALP in VSMC is functionally relevant to
calcification in vitro, as reported previously in bovine
VSMC [22]. For this reason, we used ALP activity as a
marker of in vitro calcification in HCASMC in our sub-
sequent experiments.

3.2. AGE Fractions and Its Constituents Inhibit
ALP Activity in HCASMC.

Having established the experimental conditions wherein
HCASMC possess the ALP activity, we then tested
whether AGE and its constituents would inhibit the in-
duction of ALP activity. We added either the hydrophilic
or hydrophobic fractions of AGE at concentration equiv-
alent to 5 or 50 mg-AGE/ml (see Materials and Methods
and Figure 1(b)) into the IM + MCM media. HCASMC
were cultured for 6 - 8 days, and the ALP activity was
measured in cultured cells.
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Figure 2. ALP activity and calcium deposition in HCASMC treated with IM supplemented with MCM. (A) HCASMC were
cultured in the indicated media for 7 days. ALP activity in whole cell lysates was determined by measuring the release of
p-nitrophenol from p-nitrophenyl phosphate (see Materials and Methods). The data are represented as mean + SD (n = 3);
((B)-(1)) Histochemical detection of ALP activity and in vitro calcification in HCASMC treated with the induction media. ALP
activity ((B)-(E)); HCASMC were cultured in GM (B), IM (C), GM supplemented with 10% MCM (D), or IM supplemented
with 10% MCM (E) for 7 days, with the medium replenished every 2 - 3 days. Cells were fixed and stained for ALP activity
(blue) as described in Materials and Methods. Scale bar represents 500 pm (Objective x4, BIOREVO BZ-9000, KEYENCE).
Calcification ((F)-(1)); HCASMC were cultured in the media as described in Histochemical detection of ALP activity for 14
days. Cells were fixed and von Kossa staining was conducted to stain calcium deposition (black). Scale bar represents 100 pm
(Objective x20, BIOREVO BZ-9000, KEYENCE). “Significantly difference: p < 0.05.
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We found that both hydrophilic and hydrophobic frac-
tions of AGE suppressed ALP activity induced by IM +
MCM, in a concentration-dependent manner. We next
screened compounds in the hydrophobic fraction of AGE
(Figure 3). We found that dilignol, DDC, one of the
compounds presence in AGE, inhibited the induction of
ALP in a concentration-dependent fashion but not DDDC
(Figure 4(b)).

4. Discussion

It has been known that vascular calcification is a com-
mon and clinically significant feature of advanced athe-
rosclerosis on epidemiological observations, i.e. the pa-
thologic calcification of the cardiovascular system can be
recognized as mimical osteogenic mechanisms [19].
These calcified lesions express bone-related proteins,
such as ALP, bone morphogenetic proteine, runt-related
gene product, and osteopontin [3-8]. Also these tissue
contains inflammatory cells [9,10]. It has been found that
the dietary supplementation of AGE retards coronary
calcification in high-risk patients having coronary artery
disease with calcified plaques in a placebo-controlled,
double-blind, randomized clinical study [19,20]. This
study showed that patients on placebo progressed at a
rate of 22.2% per year, while the AGE reduced progres-
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Figure 3. The effect of hydrophobic fractions of AGE on
ALP induction by concomitant application of Dex and
MCM in HCASMC culture. HCASMC were treated with
IM supplemented with MCM with or without AGE frac-
tions at the indicated concentrations for 8 days, and ALP
activity in cells was assessed. The data are represented as
mean * SD (n = 3). "Significantly difference: p < 0.05.
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Figure 4. The effect of DDC and DDDC on the ALP induction in HCASMC culture. (a) Structure of DDC and DDDC; (b)
ALP activity in HCASMC treated with IM supplemented with MCM in the presence of DDC and DDDC at the indicated con-
centrations for 7 days, and ALP activity in cells was assessed. The data are represented as mean + SD (n = 3). Significantly

difference: p < 0.05.
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sion to 7.5%. Additionally, there were no significant
change in cholesterol parameter, homocysteine, C-reac-
tive proteine, and cholesterol/HDL rations between the
groups, although there was a trend toward improvement
of cholesterol parameters. Therefore, retardation of calci-
fication on AGE supplementation may not be related to
inhibition of lipid peroxidation or cholesterol lowering
effect by AGE. Based on these observations, we hy-
pothesized that the reduction in coronary calcified plaque
by supplementation of AGE was partly due to the sup-
pression of osteogenic differentiation in VSMC. It is
known that macrophages in calcified plaque modulate the
progress of artherosclerosis through the interaction be-
tween VSMC and macrophage [30-32]. This system in
vitro mimicis events in arthrosclerotic calcified plaques
in vivo. In this study we showed that human coronary
artery smooth muscle cells (HCASMC) undergo osteo-
genic conversion by glucocorticoid and the conditioned
media from macrophage culture, as an inflammatory
stimuli, through the enhancement of ALP activity, one of
maker substances for osteoblast differentiation (Figure
2).

Plants produce thousand of compounds and phenolic
compounds, one of characteristic groups well known
having antioxidant, are essential to the plants physiology
having diverse functions such as structure, pigmentation,
pollination, pathogen and predator resistance, and growth
and development [33]. Consumption of tea and wine has
been epidemiologically shown to produce cardiovascular
protection effects and its activity was strongly related to
antioxidant of phenolic compounds although precise
mechanism is still unclear [34]. Negrao et al. reported
that polyphenolic compound containing beverages, in-
cluding beer, wine and tea, show inhibition of ALP ac-
tivity in human vascular smooth muscle cells in culture
study and they also showed ALP inhibition activity by
these phenolic constituents, such as resveratrol, epigal-
locatechin-3-gallate and quercetin, so on [34]. On the
other hand, Dai et al. showed that resveratrol enhances
proliferation and osteoblastic differentiation, including
stimulation of ALP activity in human mesenchymal stem
cells [35] and Jeong et al. reported stimulation of ALP
activity by a phenolic chemical from hop plant on C2C12
cells [36]. These recent studies suggest that phenolic
compounds can modulate differentiation of vascular
smooth muscle cells.

We separated AGE in several fraction using polyaro-
matic adsorbent resin, MCI gel CHP20P (Figure 1(a)).
These fractions were evaluated inhibition of ALP activity
of VSMC induced by inflammatory stimuli and hydro-
phobic fraction showed suppression of ALP activity
(Figure 3). Recently, several phenolic compounds were
identified in hydrophobic fraction of AGE and some of

OPEN ACCESS

them identified shows high antioxidant activity as same
as that of ascorbic acid [24]. We have evaluated the inhi-
bition of ALP activity of these phenolic compounds
found in AGE and found that DDC ((+)-(2S,3R)-Dehy-
drodiconiferyl alcohol) showed inhibition activity (at 153
uM of DDC: equivalent to 50 mg-AGE/ml). However,
another choniferyl alcohol compounds found in AGE,
DDDC ((—)-(2R,3S)-Dihydrodehydrodiconiferyl alcohol)
which is a resemblant compound to DDC, did not show
inhibition of ALP activity (Figure 4(b)) although DDC
and DDDC shows almost same antioxidant activity [24].
Although antioxidant activity of several polyphenoric
compounds were in the same range (EC50 in pM: epica-
techin; 4.1, quercetin: 6.1, DDDC: 10.8, DDC; 11.8),
ALP inhibition activity of them varied [24,34]. Therefore,
ALP inhibition activity may have no relationships with
antioxidant activity.

It may be possible that one of mechanisms by which
AGE and its constituent prevents vascular calcification is
due to the suppression of osteogenic differentiation of
VSMC induced by inflammatory mediators. There is no
report that compounds with confery alcohol structure
inhibit ALP activity in VSMC and this compound is a
different type of phenolic compound from phenolic ALP
inhibitor reported previously. There are several structural
differences between DDC and DDDC, such as absolute
configuration in C2 and C3 position and double bond
between position of carbon 8 and 9. Since key structure
in coniferyl alcohol for inhibition of ALP activity is un-
clear, we are now in search of other configuration com-
pounds to reveal anti-vascular calcification activity of
AGE.

5. Conclusion

In summary, we found that VSMC undergo osteoblast
differentiation under an inflammatory milieu, which re-
sembles the events leading to the formation of calcified
atherosclerotic plaques, through evaluation of ALP activ-
ity as one of makers on osteoblast differentiation. In ad-
dition, we also found that AGE and its constituent, DDC,
inhibit osteoblast differentiation in VSMC, providing a
possible mechanism of AGE to retard coronary artery
calcification as evidenced by clinical studies [19,20].
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