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3-Arylcoumarin inhibits vascular calcification by inhibiting the generation of AGEs
and anti-oxidative stress
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ABSTRACT
Objective: This work aims to screen drugs for preventing and treating vascular calcification.
Method: We screened a series of 3-arylcoumarins for the detection of vascular calcification-associated fac-
tors using human aortic vascular smooth muscle cells.
Results: We found that compounds 14 and 32 significantly inhibited alkaline phosphatase (ALP) activity
similar to aminoguanidine hydrochloride (AGH) in a cellular model of AGEs-induced calcification. We also
found that compounds 14 and 32 could significantly decrease the levels of factors such as AGEs, intracel-
lular calcium ions, and total ROS in the calcified cell model. Further study indicates that compound 14
could significantly inhibit the expression of P-ERK1/2, PKC, NF-jB, RAGE and OPN proteins and increased
the expression of SM22-a and PPAR-c proteins in the calcified cells.
Conclusion: We speculate that compound 14 inhibits vascular calcification by inhibiting oxidative stress
and inhibiting AGEs production, suggesting that 3-arylcoumarin derivatives are potential candidates for
the treatment of vascular calcification.

NOVELTY STATEMENT
Vascular calcification is a process similar to bone formation, which is highly adjustable and active. Currently,
there are no specific drugs to delay or reverse vascular calcification. Through the screening of 44 coumarin
compounds synthesised by our group, compound 14 was obtained to dose-dependently inhibit the calcifica-
tion of vascular smooth muscle cells without affecting the normal proliferation of cells, decreasing the intra-
cellular calcium concentration, inhibiting the activity of ALP enzyme. In conclusion, the calcium lowering
effect of compound 14 is a potential candidate for drugs for the treatment of vascular calcification.
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1. Introduction

Vascular calcification is a process similar to bone formation, which
is highly adjustable and active1,2. Its occurrence is related to the
phenotypic transformation from human aortic smooth muscle cells
(HASMCs) to osteoblasts caused by various stimulating factors
such as hyperglycemia3,4, oxidative stress5 and inflamma-
tory response6.

Vascular calcification (VC), a characteristic of advanced athero-
sclerosis, is an ectopic accumulation of calcium phosphate in vas-
cular tissue. VC increases dramatically in patients with diabetes
and chronic kidney disease. Severe atherosclerosis with massive
vascular calcification is a key determinant of increased cardiovas-
cular mortality, and it is thought that an active process is con-
trolled by highly regulated cellular and molecular pathways,
similar to those involved in bone formation. ALP is one of the first
functional genes in the calcification mechanism7. ALP is highly
expressed in the cells of calcified tissue and plays a critical func-
tion in the formation of hard tissue. ALP increases inorganic phos-
phate local rates and facilitates calcification as well as reduces the
extracellular pyrophosphate concentration, an inhibitor of mineral

formation. The mechanisms involved in vascular calcification are
complex and relatively poorly understood. At the same time,
because arterial calcification has no effective measures in the cur-
rent clinical treatment, it is difficult to reverse it whether it is con-
ventional drugs as well as vascular interventional means or
surgery. At present, vascular calcification has become a growing
cardiovascular problem.

Some available drugs can only reduce the body’s blood lipids
and blood glucose levels by reducing the oxidative stress
response associated with calcification and blocking the signalling
molecules and pathways of the inflammatory response, for
example, statins delay the progression of vascular calcification by
lowering blood lipid levels and metformin by lowering blood glu-
cose8–12. Taking advantage of existing drug targets to improve
the design and development of vascular calcification drugs
appears to be important.

More and more studies have shown that, compared with sin-
gle-target drugs, multi-target natural medicines have irreplaceable
advantages in cardiovascular protection 13–15. For example, cou-
marin compounds have efficient AGEs inhibitory activity12, and
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isoflavone compounds are effective antioxidants16. It is believed
that if a class of drugs can be designed to target both AGEs and
oxidative stress it will have advantages in the field of vascular pro-
tection to achieve a better effect of treatment.

Previously, our research group designed and synthesis more
than 500 arylcoumarins, and it was found that 44 compounds
showed appreciable activities through screening experiments
in vitro17. In this paper, we will further investigate to find out the
compounds that have the activity of inhibiting vascular calcifica-
tion, and study the related mechanism.

2 Materials and methods

2.1. Materials

2.1.1. The following cells were used for culture
HASMCs were provided by the Institute of Materia Medica, School
of Pharmacy and Pharmaceutical Sciences, Shandong First Medical
University. Using 10% FBS-containing DMEM culture medium for
culture (Table 1).

2.1.2. The following reagent were used
0.2% Alizarin Red S stain solution (Solarbio, China), Foetal Bovine
Serum (Gbico, USA), Alkaline Phosphatase Activity Test Kit
(Beyotime, China), DMEM Medium (Gbico, USA), WBKLS0100
(Millipore, USA), Calcium ion detection kit (LEAGENE, China), ROS
detection kit (Xi’an Baiaolaibo Biotechnology Co., Ltd.), MTT
(Solarbio, China), ERK1/2 antibody (Cell Signalling Technology,
China), PKC antibody (Cell Signalling Technology, China), RAGE
antibody (Immunoway, USA), NF-jB antibody (Cell Signalling
Technology, China), b-actin antibody (proteintech, USA), horserad-
ish labelled goat anti-mouse gG (Hþ L) (proteintech, USA), l horse-
radish labelled goat anti-rabbit lgG (Hþ L) (zsbio), ELISA kit (IL-b,
IL-6, TNF-a, AGEs Bpro, China), superoxide dismutase (SOD) detec-
tion kit (Solarbio, China), total RNA extraction kit (Solarbio, China),
total protein extraction kit (Bestbio, China)), Real Time q-PCR kit
(Ta Ka Ra) Primers were commissioned by biosune biotechnology
(China) to design synthetic primer sequences (Table 2).

2.1.3. The following instruments were used
Model 3111 CO2 incubator (Thermo, USA), Eclipse TE 2000-S fluor-
escence microscope (Nikon, Japan), Infinite M 200 PRO microplate
reader (TECAN, France), CFX96 TOUCK fluorescence quantitative
PCR instrument (Bio-Rad, USA), Trans-Blot SD semi-dry transfer sys-
tem (Bio-Rad, USA), Azure cSeries 200 chemiluminescence imager
(Azure Biosystems, USA), Evolution 220 UV spectrophotometer
(Thermo, USA).

2.2. Methods

2.2.1. Synthesis
The 3-arylcoumarin backbone was synthesised as described in
Scheme 117, and its detailed synthesis steps are as follows.

2.2.1.1 Synthesis of compounds 2a–2k. 2.40g (20mmol) of aceto-
phenone, 1.28 g (40mmol) of sulphur, 6ml (60mmol) of morpho-
line and 0.1 g (0.6mmol) of p-toluenesulfonic acid are added into

Table 1. Main English abbreviations.

Abbreviations Detailed explanation

ALP Alkaline phosphatase
AGE Advanced glycation end products
ROS Reactive oxygen species
SOD Superoxide dismutase
AGH Aminoguanidine hydrochloride
RAGE Recombinant Receptor For Advanced Glycation Endproducts
NF-jB Nuclear factor kappa-B
OPN Osteopontin
PPAR-c Peroxisome proliferator-activated receptor c
SM22-a Smooth muscle 22-a
HASMCs Human aortic smooth muscle cells
DMEM Dulbecco’s modified eagle medium
BSA Bovine serum albumin
ERK Extracellular regulated protein kinases
TNF-a Tumor necrosis factor-a

Table 2. Primer sequence.

Gene The sequence (5’!3’) Primer length/bp

RUNX2 F： TCTCCAACCCACGAATGCAC 76
R： ATACCGAGGGACATGCCTGA

Scheme 1. General synthetic route to 3-arylcoumarin derivatives. Reagents and conditions.
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a 100ml three-port reaction flask, heated to 120 �C and refluxed
for 8 h. TCL detects the reaction process. The heating is stopped
when the raw material point disappears. After the reaction, cool
for 10min, add 50ml 70% ethanol and 3ml 50% NaOH solution,
heat to 100 �C and reflux for 5 h; after the reaction, pour the reac-
tion solution into 100ml ice water, stir, and filter to remove insol-
uble matter. The filtrate was acidified with hydrochloric acid to Ph
¼ 3–4, left overnight, and filtered to obtain a crude white prod-
uct. The crude product was recrystallized with water to obtain
white pure product.

2.2.1.2 Synthesis of compound 3h. Add 6.30g (50mmol) of phloro-
glucinol and 40ml of ethyl acetate into a 100ml three-mouth reac-
tion flask, add 10ml of DMF after it is completely dissolved,
continue stirring, add 6ml (60mmol) of POCl3 dropwise within
10min under ice bath, stir for 20min, withdraw the ice bath, stir at
room temperature for 1 h, stir for 1 h after off-white precipitate
appears, stop the reaction. Add 40ml water to the reaction solution
to dissolve the precipitate, take the organic layer, wash the organic
layer with saturated sodium chloride solution 3 times, and dry the
anhydrous sodium sulphate overnight. Anhydrous sodium sulphate
was removed by suction filtration, and the filtrate was concentrated
to obtain 2,4,6-trihydroxybenzaldehyde (3 h), a light red solid. The
synthesis of compounds 3a–3g was performed for 3 h.

2.2.1.3 Synthesis of Compound 1. 1.36g (10mmol) of phenylacetic
acid, 1.38g (10mmol) of 2,4 dihydroxybenzaldehyde, 5.56g
(55mmol) of triethylamine and 6.12 g (60mmol) of acetic anhydride
were added to a 100-ml triple-mouth reaction flask and refluxed for
6 h at 112 �C with stirring (monitored by TLC). After the reaction,
pour 50ml of water while hot, stir, precipitate a large number of
solids, allow to stand, filter, wash the filter cake with water until the
washing solution is nearly neutral, dry and recrystallize with ethyl
acetate/petroleum ether to obtain a yellowish needle-like solid. Add
the obtained solid into a 100ml three-mouth reaction flask, add
10ml ethanol and heat and stir until the solid is completely dis-
solved, then add 40ml 10% hydrochloric acid, stir well, heat to
80 �C and reflux for the reaction for 5 h. After the completion of the
TLC monitoring reaction, pour the reaction solution into 50ml of
ice water, stir to precipitate a large amount of solid, withdraw and
filter after standing, recrystallize the filter cake with ethanol/water,
and dry to the white pure product in a vacuum oven. The synthesis
of compounds 2–44 was performed as for 1.

2.2.2. Induction of calcification of human aortic vascular smooth
muscle cells
The second to fifth-generation human aortic smooth muscle cells
were taken for experiments. The cells were cultured in a DMEM
medium containing 10% foetal bovine serum. After cell conflu-
ence, the mineralisation induction solution containing 100mg/L
AGEs-BSA was added and cultured for 4 days.

2.2.3. Screen 44 compounds based on the inhibition rate of ALP
enzyme activity
Cells were seeded on a 24-well plate at a density of 5.0� 104
cells/well, and the normal control group (HASMCs normal culture),
vehicle control group (HASMCs þ 5‰ DMSO), and calcification
induction group (HASMCs þ 100mg/L AGEs-BSA), negative control
group (HASMCs þ 100mg/L AGEs-BSA þ5‰ DMSO), positive con-
trol group (HASMCs þ 100mg/L AGEs-BSA þ5‰ DMSOþ
AGH6.25mg/L), compounds 1–44 In the interference group

(HASMCs þ 100mg/L AGEs-BSA þ 5‰ DMSOþ compound
6.25mg/L), after the cell culture of each group is completed, it is
determined according to the alkaline phosphatase activity deter-
mination kit. (Note: Aminoguanidine hydrochloride is an inhibitor
of AGEs production. Studies have shown that it can inhibit the
glycosylation modification of proteins in the body and has obvi-
ous preventive and therapeutic effects on diabetic vascular com-
plications18 After the MTT assay, DMSO at this concentration had
no significant effect on cell proliferation rate).

2.2.4. Alizarin red staining experiment
After the completion of cell culture in each group, staining
was performed according to the instructions of the Alizarin
Red Staining Kit, and calcium nodule staining was observed
and photographed under a microscope. After staining, perform
alizarin red quantification, add 200 ll cetyl pyridinium chloride
to each well (preparation method: weigh 0.9 g cetyl
pyridinium chloride, dissolve in 9ml distilled water and mix well),
incubate at 37 �C for 1 h, Detect absorbance at 562 nm wave-
length, perform three parallel sets of tests, record and ana-
lyse data.

2.2.5. Cell survival rate experiment
After the cell culture of each group is completed, the cells are digested
with 0.25% trypsin and seeded in a 96-well plate at a density of
5.0� 104 cells per well. After the culture is attached, the culture
medium of each group is replaced with serum-free DMEM. The culture
solution is to synchronise the cells, and the grouping and processing
are the same as each group with 6 holes, repeated 3 times. The MTT
method was used to determine cell proliferation in each group.

2.2.6. Determination of AGEs content
After the cell induction of each group is completed, follow the
instructions of the ELISA kit.

2.2.7. Determination of intracellular calcium ion concentration
After the cell culture of each group is completed, take appropriate
cells for homogenisation, centrifuge at low speed to take the
supernatant, BCA protein concentration determination kit to deter-
mine protein concentration, use calcium determination kit (o-cre-
solphthalein complex copper method) to determine the calcium
content of each group of cells.

2.2.8. Determination of total active oxygen content in cells
After the cell culture of each group was completed, the ROS con-
tent was detected with a reactive oxygen detection kit, the culture
medium was removed, the cells were washed with PBS solution,
and the fluorescent dye DCFH-DA was added, incubated for
20min, then washed with PBS, perform three parallel sets of tests,
and photographed under a fluorescence microscope19.

2.2.9. Determination of superoxide dismutase content
After the cell culture of each group was completed, the cells were col-
lected into a centrifuge tube, ultrasonically broken and centrifuged,
and the SOD content of each group of cells was detected according
to the SOD activity determination kit (xanthine oxidase method)19.
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2.2.10. Determination of inflammatory factor expression
After the cell induction of each group is completed, follow the
instructions of the ELISA kit.

2.2.11. Runx2 mRNA expression measurement
After the induction of each group of cells, the total mRNA of each
group of cells was extracted, reverse transcribed into complemen-
tary deoxyribonucleic acid (cDNA), and real-time fluorescent quan-
titative PCR was performed using cDNA as a template. Using
GAPDH as an internal reference, the fold ratio of Runx2m RNA
expression in each group was calculated as the relative expression
of Runx2 mRNA in each group.

2.2.12. ERK1/2, PKC, NF-jB, RAGE, SM22-a, OPN, PPAR-c
protein expression
After the cells of each group were induced, they were rinsed twice
with pre-cooled PBS. Refer to the operating instructions of the total
protein extraction kit to scrape the cells and extract the total protein.
After taking the supernatant, the BCA method was used for protein
quantification. Take 20lg protein for SDS-polyacrylamide gel electro-
phoresis, transfer membrane, block, add rabbit anti-human antibody
(T-ERK1/2, P-ERK1/2, PKC, NF-jB, RAGE, SM22-a, OPN, PPAR-c 1:1000),
incubate overnight at 4 �C, add secondary antibody Ig G (1:10000),
incubate for 1h at room temperature, developed using ECL kit, use
b-actin as the internal reference for data Standardisation, using the
control group as the reference sample to calculate the relative
expression level of the target protein in each group.

2.2.13. Molecular docking experiment
The compound was docked using the CDOCKER docking proced-
ure. The BSA crystal structure used in this study is taken from the
PDB (Protein Data Bank) structure database (http://www.rcsb.org/
pdb), the PDB code (PDB ID) of BSA is 4F5S, and the pre-proc-
essed small molecule library the compound molecule of is used as
the ligand, and the protein crystal structure of the pre-treated and
defined active site is used as the receptor, and the remaining set-
tings are kept as default.

2.2.14. Statistical methods
SPSS 22.0 software was used for data analysis, and the data results
were all expressed in terms of mean± standard deviation (SD).
One-way analysis of variance (ANOVA) was used for comparison.
P< 0.05 indicates a significant difference.

Figure 1. The more active compounds, the structural formulas of 14 and 32.

Table 3. Effects of compounds on ALP activity.

Compound ALP activity (U/mg)

Normal 0.116 ± 0.003
DMSO 0.116 ± 0.003
AGEs 0.240 ± 0.003��
AGEsþDMSO 0.237 ± 0.002��
AGH 0.182 ± 0.003DD

1 0.237 ± 0.004
2 0.229 ± 0.005D

3 0.228 ± 0.003DD

4 0.211 ± 0.005DD

5 0.234 ± 0.005
6 0.229 ± 0.004DD

7 0.214 ± 0.005DD

8 0.239 ± 0.003D

9 0.207 ± 0.005DD

10 0.207 ± 0.006DD

11 0.221 ± 0.002DD

12 0.213 ± 0.003DD

13 0.204 ± 0.004DD

14 0.182 ± 0.003DD

15 0.203 ± 0.003DD

16 0.229 ± 0.003DD

17 0.209 ± 0.003DD

18 0.221 ± 0.002DD

19 0.220 ± 0.003DD

20 0.206 ± 0.003DD

21 0.224 ± 0.002DD

22 0.230 ± 0.003DD

23 0.236 ± 0.003
24 0.228 ± 0.003DD

25 0.207 ± 0.003DD

26 0.234 ± 0.002
27 0.237 ± 0.004
28 0.206 ± 0.002DD

29 0.230 ± 0.006D

30 0.231 ± 0.003DD

31 0.214 ± 0.003DD

32 0.185 ± 0.002DD

33 0.201 ± 0.005DD

34 0.207 ± 0.003DD

35 0.216 ± 0.016D

36 0.223 ± 0.002DD

37 0.205 ± 0.004DD

38 0.235 ± 0.002
39 0.221 ± 0.003DD

40 0.217 ± 0.003DD

41 0.221 ± 0.003DD

42 0.215 ± 0.004DD

43 0.220 ± 0.003DD

44 0.205 ± 0.003DD

Effects of compounds on ALP activity. Most of the compounds can inhibit the
increase of ALP induced by AGE, in vascular smooth muscle cells, and 14 and
32 have the best inhibitory effect on the ALP activity of calcified cells. (�x6s,
n¼ 3, ��P< 0.01, compared with normal control group at the same time.
DP< 0.05, DDP< 0.01, compared with AGEs group at the same time).
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3 Results and discussion

3.1. Effects of compounds on ALP activity

Studies have shown that ALP expression is closely related to aor-
tic calcification, and it is a reliable indicator for evaluating vascu-
lar calcification and osteoporosis20,21. By measuring the ALP

activity in each compound intervention group, we found that
most of the compounds can inhibit the increase of ALP induced
by AGEs in vascular smooth muscle cells (P< 0.05), and

Figure 2. Calcified nodules of smooth muscle cells stained with alizarin red. AGEs can promote the production of calcium nodules in smooth muscle cells, while com-
pounds 14 and 32 can inhibit the production of calcium nodules.

Figure 3. Effects of different concentrations of compounds 14 and 32 on
cell viability.

Figure 4. Effects of different concentrations of 14 and 32 on AGEs content. Each
compound group can reduce the expression of AGEs.
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compounds 14 (Molecular weight 254.06) and 32 (Molecular
weight 284.07) (Figure 1) can significantly inhibit the ALP activity
of calcified cells (P< 0.01) (Table 3). We speculate that com-
pounds 14 and 32 may have an effective inhibitory effect on cal-
cification. Therefore, we set up corresponding concentration
gradients (1.5625mg/L, 3.125mg/L, and 6.25mg/L) for these two
groups of compounds, and conducted subsequent in vitro activ-
ity studies. At these concentrations, the compound was not sig-
nificantly toxic to the cells.

3.2. Effects of compounds 14 and 32 on calcified nodules of
smooth muscle cells

According to the photos taken by the microscope and the quanti-
tative results of Alizarin Red, compared with the control group,
the number of intracellular and extracellular calcium nodules in
the AGEs group increased significantly (P< 0.01). Compared with
the AGEs group, treatment with increasing concentrations of com-
pound 14 or 32 significantly reduced the number and area of cal-
cium nodules (P< 0.01). In conclusion, compounds 14 and 32 can
partially inhibit the calcification in HASMCs induced by AGEs,
which is concentration-dependent (Figure 2).

3.3. Effects of compound 14 and 32 on cell viability

The results of the MTT assay showed that neither AGEs nor compounds
14 or 32 had a significant effect on cell survival (P> 0.05) (Figure 3).
These results indicate that the compounds are not toxic to cells.

3.4. Effects of compound 14 and 32 on AGEs

AGEs can promote calcification of vascular smooth muscle
cells21,22. Compared with that in the control group, the intracellu-
lar AGEs concentration in the AGEs group was significantly
increased (P< 0.01) (Figure 4). As the concentration increases,
compound 14 or 32 progressively decreases AGEs in the cells
(P< 0.01). We speculate that compound 14 may promote the
cleavage of AGEs, thereby downregulating the expression of RAGE
receptors and inhibiting downstream signalling pathways and
multiple signal transduction proteins. It ultimately inhibits AGEs-
induced differentiation of HASMCs into osteoblasts.

3.5. Effects of compound 14 and 32 on intracellular calcium

Compared with that in the control group, the intracellular calcium
in the AGEs group was increased significantly (P< 0.01), indicating
that AGEs can induce calcification of HASMCs. The intracellular

calcium in the group of compounds 14 and 32 were progressively
reduced at elevated concentrations (P< 0.05), suggesting that com-
pounds 14 and 32 can inhibit the calcification of HASMCs induced
by AGEs in a concentration-dependent manner (Figure 5). Studies
have shown that intracellular calcium and ALP activity are positively
correlated with HASMCs calcification, suggesting again that com-
pounds 14 and 32 can inhibit AGEs-induced vascular calcification.

3.6. Effects of compound 14 and 32 on ROS

Oxidative stress can induce cardiovascular disease23. The green
fluorescence area for ROS of cells in the AGEs group was signifi-
cantly increased (P< 0.01). In contrast, the green fluorescence
area was progressively decreased with elevated concentrations of
compounds 14 and 32 (P< 0.01). The results indicate that AGEs
can induce oxidative stress in HASMCs, while compounds 14 and
32 inhibit this effect and protect HASMCs (Figure 6).

3.7. Effects of compound 14 and 32 on SOD expression

The activity of the antioxidant index SOD in the AGEs group was
significantly reduced (P< 0.01). While, the SOD activity in the cells
was progressively increased by elevated concentrations of com-
pounds 14 or 32 (P< 0.01), suggesting that compounds 14 and
32 can enhance the antioxidant capacity of the cells in a concen-
tration-dependent manner (Figure 7).

3.8. The effects of compound 14 and 32 on the expression of
inflammatory cytokine TNF-a, 1 L-6, 1 L-b

Oxidative stress can cause inflammation24,25. Compared with that
in the control group, the inflammatory cytokines TNF-a, 1 L-6, and
1 L-b were significantly increased in the cells of the AGEs group
(P< 0.01), indicating that AGEs can induce inflammatory reactions
in HASMCs. While, the expression of inflammatory cytokines TNF-
a, 1 L-6, 1 L-b in the cells was progressively decreased by elevated
concentrations of compounds 14 or 32 (P< 0.01), suggesting that
compounds 14 and 32 can inhibit the inflammatory response of
HASMCs in a concentration-dependent manner (Figure 8).

3.9. Effects of compound 14 and 32 on the expression of
Runx2 mRNA

Runt-related transcription factor 2 mRNA (Runx2 mRNA) is neces-
sary for normal bone formation26, it was significantly increased by
AGEs (P< 0.01), indicating that AGEs can induce osteogenic trans-
formation of HASMCs. Compared with that in the AGEs group, the
expression of Runx2 mRNA in the cells was progressively
decreased by at elevated concentrations of compounds 14 or 32
(P< 0.01), suggesting that compounds 14 and 32 can inhibit the
osteogenic transformation of HASMCs induced by AGEs in a con-
centration-dependent manner (Figure 9).

3.10. Effects of compound 14 on ERK1/2, PKC, NF-jB, RAGE,
SM22-a, OPN, PPAR-c protein expression induced by AGEs

Compared with that in the control group, the expression of P-
ERK1/2, PKC, NF-jB, RAGE and OPN proteins in the AGEs group
was significantly increased, the expression of at the same time
SM22-a and PPAR-c proteins were reduced (P< 0.01). As the con-
centration of compound 14 increases, the expression levels of P-
ERK1/2, PKC, NF-jB, RAGE and OPN proteins gradually decreased,

Figure 5. Effects of different concentrations of 14 and 32 on intracellular cal-
cium content.
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and the protein expression levels of SM22-a and PPAR-c gradually
increased, suggesting that compounds 14 can inhibit the related
pathways of the differentiation of HASMCs into osteoblasts
induced by AGEs in a concentration-dependent manner. We
speculate that this type of compound can inhibit the oxidative

stress process, thereby inhibiting NF-jB and PKC signalling path-
ways and reducing the inflammatory response of cells, ultimately
reducing the calcification process (Figure 10).

The stimulation of AGEs increases the expression of RAGE27,
and the AGEs/RAGE pathway is closely related to vascular

Figure 6. Effects of compounds 14 and 32 on ROS.
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calcification28–30. As the concentration of compound 14 increases,
the expression of AGEs and RAGE is gradually inhibited. We
inferred that it may promote the lysis of AGEs and down-regulate
the expression of RAGE receptors and inhibit downstream signal-
ling pathways and a variety of signal transduction proteins, includ-
ing PKC, NF-jB, ERK1/2 to reduce AGEs-induced HASMCs
osteoblast differentiation.

PPAR-c is closely related to vascular calcification and has an
important protective effect on the cardiovascular system. Studies
have shown that PPAR-c agonists can restore the expression of
HASMCs surface markers18,31. Compound 14 obviously activated
PPAR-c in the calcification model in a concentration-dependent
manner, which may be another way for compound 14 to pro-
tect HASMCs.

3.11. Molecular docking of compounds 14, 32 and BSA

Molecular docking can be used to reveal the interaction between
compounds 14, 32 and BSA. We, therefore, performed docking
calculations for compound 14 (Figure 11) to LEU-574, VAL-546,
LEU-531 in the binding pocket and the ligand A ring form Pi-Alkyl,
where LEU-531 can also form Pi-Alkyl with the ligand B ring. VAL-
575 can also interact with ligand B The ring forms Pi-Alkyl, while
LEU-528 can form Pi-Alkyl with the ligand C ring, PHE-550, ALA-
527 can form Amide-Pi Stacked and Pi-Pi Stacked with the ligand
C ring, LYS-524 and ligand. The hydroxyl group on the C ring
forms a conventional hydrogen bond.

The docking calculation result of compound 32 (Figure 12)
shows that MET-547 in the binding pocket can form Pi-Alkyl with
ligand A ring and ligand B ring, and form Conventional Hydrogen
Bond, LEU with the hydroxyl group on ligand B ring �528 can
form a Conventional Hydrogen Bond with the oxygen on the lig-
and A ring, and form Pi-Alkyl with the ligand B ring, TYR-400 can
form a Conventional Hydrogen Bond with the hydroxyl group on
the ligand B ring, LYS-524 can form a Conventional Hydrogen
Bond with the ligand The A ring and the B ring form Pi-Alkyl.
LEU-531, VAL-546, ALA-527 can form Pi-Alkyl with ligand C, and
ALA-527 can also form Pi-Alkyl with ligand A.

4 Conclusion

In conclusion, the protective mechanism of compound 14 on cal-
cification may be related to its antioxidant properties, inhibition of
AGEs/RAGE, AKT/PKC, NF-jB, p38/ERK1/2 pathways and activation
of PPAR-c pathway, and also triggered the recovery of the expres-
sion of smooth muscle marker proteins SMA-a and SM22a and the
down-regulation of OPN expression, a key osteogenic factor,
which ultimately delayed the calcification transition process
of HUVSMCs.

Compound 14 is validated at the molecular and cellular levels
and is a potential drug for the treatment of vascular calcification,
and in subsequent studies, we will focus on finding active deriva-
tives for animal and human experiments.

Figure 7. The effect of different concentrations of 14 and 32 on SOD expression.

Figure 8. The influence of different concentrations of 14 and 32 on the expres-
sion of inflammatory factors TNF-a, 1 L-6, and 1 L-b.

Figure 9. The effect of different concentrations of 14 and 32 on the expression
of Runx2 mRNA.
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Figure 10. Effects of 14 at different concentrations on ERK1/2, PKC, NF-jB, RAGE, SM22-a, OPN, and PPAR-c protein expression induced by AGEs.
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