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ABSTRACT

Objective: Vascular calcification requires the differentiation of vascular smooth muscle cells
(VSMCs) into osteoblast-like cells. This phenomenon can be enhanced by inflammation and
oxidative stress. Zingerone is one of the active ingredients present in the ginger plant that
has anti-inflammatory and antioxidant effects. Other functions include anti-obesity, anti-
nausea effects. However, the functions of zingerone on vascular calcification has not yet been
elucidated. This study investigated the effect of zingerone on vascular calcification and its
molecular mechanism.

Methods: Reverse transcription-polymerase chain reaction (PCR), real-time PCR and
Western blot analysis was used to measure expression levels of osteogenic marker genes and
to investigate whether calcification was regulated by the expression of AMP-activated protein
kinase (AMPK) and tissue inhibitor of metalloproteinase 4 (TIMP4). Alizarin red S staining
was used to measure calcium deposition. Studies were carried out in VSMCs.

Results: Zingerone induced the expression of 2 markers of VSMCs differentiation (o-smooth
muscle actin (a-SMA) and smooth muscle 220 (SM22a)) and decreased the expression of core-
binding factor a-1 (CBFA1). Additionally, zingerone decreased inorganic phosphate (Pi)-induced
expression of distal-less homeobox 5 and CBFA1. AMPK phosphorylation and TIMP4 expression
were increased by zingerone. Importantly, zingerone protected VSMCs from calcification,

and this protective effect was confirmed by increased TIMP4 via overexpression of AMPK, and
inhibition of TIMP4 by Compound C. Zingerone upregulated AMPK/TIMP4 expression and
recovered Pi-induced inhibition of TIMP4.

Conclusions: Taken together, our results show that zingerone inhibits Pi-induced vascular
calcification by regulating the AMPK/TIMP4 signaling cascade in VSMCs. These results suggest
that the natural product zingerone could be useful for treating vascular and metabolic diseases.

Keywords: Zingerone; AMP-activated protein kinase; Tissue inhibitor of metalloproteinase-4

INTRODUCTION

Ginger, the root of Zingiber officinale, is one of the most commonly used spices.! Ginger is
used in Asia to treat various diseases such as headache, nausea, rheumatism, cold and
diarrhea.** Ginger is not an allergenic food, and contains a substantial amount of zingerone
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(vanillyl acetone). Zingerone, which is the product of the conversion of gingerol by drying
or a retro-aldol reaction, has antioxidant, anti-inflammatory, anti-obesity, anti-nausea, and
anti-vomiting actions, and is also an oxidative stress antagonist.> Despite showing several
potential therapeutic actions, the effects of zingerone on vascular calcification and the
potential mechanisms involved in any effect have not yet been defined.®’

Vascular calcification, which occurs as a result of the deposition of mineral in the arterial
wall, is related to an augmented risk of heart disease, stroke and atherosclerotic plaque
rupture.® Calcification arises in both the intimal and medial layers of the arteries. Arterial
obstruction and atherosclerotic plaque rupture are associated with intimal calcification, and
diseases such as vessel stiffness, systolic hypertension, and heart failure are associated with
medial calcification.’ Intimal and medial layer calcification are driven by the differentiation
of vascular smooth muscle cells (VSMCs). Vascular calcification is a controlled process
regulated by osteo-chondrogenic reprogramming in VSMC. It shares many features with
bone mineralization.!® During calcification of VSMCs, several stimuli induces expression of
bone formation marker genes, such as distal-less homeobox 5 (DIx5), core-binding factor
a-1 (CBFAL, also known as Runx2 is a key transcription factor associated with osteoblast
differentiation.), and alkaline phosphatase (ALP)."*

Metalloproteases exist in all living organisms, and during eukaryotic evolution the number of
metalloproteases expanded, so they became the largest type of protease gene in humans.'*
Metalloproteases are inhibited by members of the tissue inhibitor of metalloproteinase
(TIMP) family (TIMP1, 2, 3, 4).1%7 TIMP1, 2, 3, 4 inhibit most of the metzincins, a subfamily
of 89 secreted cell surface-binding metalloprotease.’® TIMPs are involved in the development
of vascular disease.”

AMP-activated protein kinase (AMPK) is a cellular energy sensor. AMPK is activated by
various stimuli that deplete cellular energy levels, such as glucose deficiency, hypoxia and
exposure to toxins that inhibit the mitochondrial respiratory chain complex.?** AMPK,
which is a serine/threonine protein kinase complex, consists of catalytic a-subunit (ol
and a2), a B-subunit (B1 and 2) that acts as a scaffold, and a regulatory y-subunit (y1, y2,
and y3). AMPK activity is related to muscle loss and oxidative stress and regulates vascular
calcification by controlling the expression of DIX5 and CBFAL.

In this study, we hypothesized that zingerone would inhibit inorganic phosphate (Pi)-induced
vascular calcification through AMPK/TIMP4 signaling. During calcification of VSMCs,

based on data from osteogenic marker genes such as DIx5 and CBFA1, it was confirmed that
zingerone may work an important role in the inhibition of vascular calcification. Even we
have shown that AMPK can work as a regulator as an upstream of TIMP4. This study showing
complete inhibition of vascular calcification by zingerone will contribute to the study of
several vascular diseases.

MATERIALS AND METHODS

1. Primary culture of VSMCs

VSMCs were isolated from aortas of rats by digestion with collagenase and elastase. Cells
were maintained in Dulbecco's Modified Eagle's Medium (Gibco, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (Atlas, Fort Collins, CO, USA), 1% penicillin
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Table 1. Specific primer for real-time PCR
Primer Sequences (5>3')
ALP Forward AACCCAGACACAAGCATTCC
Reverse GAGAGCGAAGGGTCAGTCAG
DIx5 Forward GCCCACCAACCAGCCAGAGA
Reverse GCGAGGTACTGAGTCTTCTGAAACC
CBFA1 Forward AGATGACATCCCCATCCATC
Reverse GTGAGGGATGAAATGCTGG
TIMP1 Forward CCAGAGCGATCACTTTGCCT
Reverse GAAAGGTAAACAGTGTTCAGGCT
TIMP2 Forward ACGCTTAGCATCACCCAGAAG
Reverse ATAGGGCAGCGTGTGATCTTG
TIMP3 Forward ATCCCCAGGATGCCTTCTG
Reverse CCTTCCTTCACCAGCTTCTTT
TIMP4 Forward CTAGAAACCAACAGTCAGAAGC
Reverse GTTCTGGTGGTAGTGATGATTC

https://e-jla.org

PCR, polymerase chain reaction; ALP, alkaline phosphatase; DIx5, distal-less homeobox 5; CBFA1, core-binding
factor a-1; TIMP, tissue inhibitor of metalloproteinase.

streptomycin (Gibco). Cells were serially passaged and used between passage 3 and 10.
Rats were maintained in accordance with the institutional guidelines of the Committee for
Laboratory Animal Care and Use of Daegu University.

2. RNA isolation and quantitative real-time reverse transcription-polymerase
chain reaction (PCR) analysis
Total RNA was extracted with TRI-Solution (Bio Science Technology, Seoul, Korea) according
to the manufacturer's instructions. RNA concentration was measured using a multi-plate
reader according to the manufacturer's instructions. To quantify gene transcription, cDNA
was amplified on a LightCycler Nano Instrument (Roche, Mannheim, Germany) using
AmpiGene qPCR Green Mix Hi-ROX (Enzo Life Sciences, Farmingdale, NY, USA) and specific
primers. Quantitative real-time PCR is included in Table 1.

3. Western blotting

After quantifying total protein according to the previously reported method, protein samples
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred
to a polyvinylidene fluoride membrane.>* Signals were detected using ECL reagent
(Advansta, Menlo Park, CA, USA) according to the manufacturer's protocol. Densitometric
analysis of the blotted membrane was performed using a Fusion Solo system (Vilber Lourmat,
Eberhardzell, Germany).

4. Alizarin red S (ARS) staining

We investigated whether detect calcium deposits in the extracellular matrix of VSMCs
through ARS. Medium was generated by mixing phosphate, then 100 nM zingerone was
added and cells were cultured for 2 weeks. Cultured cells were fixed with 10% formaldehyde
(Merck KGaA, Darmstadt, Germany) for 5 minutes, and rinsed 3 times with deionized water,
then treated with incubated with 2% ARS diluted in deionized water (Sigma-Aldrich, St.
Louis, MO, USA) for 20 minutes. After an additional wash with deionized water, samples
were imaged with a Perfection V37 (Epson, Suwa, Japan) scanner.

5. Plasmids and small interfering RNA (siRNA) assay

The expression vector encoding TIMP4 (pCMV-TIMP4) were provided from Korea Human
Gene Bank, Medical Genomics Research Center, KRIBB (Daejeon, Korea). siRNA targeting
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TIMP4 and negative control siRNA were purchased from Bioneer (Daejeon, Korea). Total
RNA was isolated 48 hours after transfection for use in real-time PCR and Western blotting
experiments.

6. Transient transfection assay

VSMCs were seeded into a 35 mm dish and cultured for 24 hours in Dulbecco's Modified
Eagle's Medium containing 10% fetal bovine serum. For overexpression, cells were
transfected with 2 pg plasmid vector using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA). For knock-down, cells were transfected with 100 nM siRNA using Lipofectamine 2000
(Invitrogen). The cells were harvested 24—48 hours after transfection.

7. Statistical analysis

All experiments were repeated at least 3 times. The results are expressed as the mean+tstandard
error of triplicate independent experiments. Statistical analyses were performed using the
Student's t-test. Differences between groups were considered significant when p<0.05.

RESULTS

1. Zingerone correlates with calcification of VSMCs

To investigate the effects of zingerone (Fig. 1A, 4-(4-hydroxy-3-methoxyphenyl)-butan-2-
one) on VSMCs, we measured the effects 0of 10, 50, and 100 nM zingerone on the expression
of markers of VSMCs differentiation. Zingerone reduced the mRNA expression of CBFA1,
which is responsible for inducing calcification, and increased a-smooth muscle actin
(0-SMA) and smooth muscle 22a (SM220) mRNA expression in a concentration-dependent
manner (Fig. 1B-D). Zingerone reduced CBFA1 mRNA expression, while increased a-SMA
and SM22a mRNA expression in a dose-dependent manner (Fig. 1B-D). These results show
that zingerone induces the expression of 2 markers (a-SMA and SM22aq) associated with the
differentiation of VSMCs.

2. Zingerone inhibits Pi-induced calcification of aortic VSMCs
As shown in Fig. 1B-D, zingerone was effective at 100 nM. Therefore, 100 nM zingerone was
chosen for further experiments in VSMC. To investigate the effect of zingerone on vascular
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Fig. 1. Zingerone induces differentiation of VSMCs. The structure of zingerone (A). Aortic VSMCs were treated with 10, 50, or 100 nM zingerone for 12 hours, and
then mRNA expression of CBFAT, a-SMA, and SM220. was measured by real-time polymerase chain reaction (B, C). Data represent the mean+standard error of the

mean of 3 individual experiments.

VSMC, vascular smooth muscle cell; CBFA1, core-binding factor a-1; a-SMA, a-smooth muscle actin; SM22a, smooth muscle 22a..
*p<0.05; Statistical significance was determined relative to a control by the Student's t-test.
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Fig. 2. Zingerone inhibits Pi-induced calcification of VSMCs. VSMCs were cultured with inorganic phosphate and/or zingerone for 2 days or 2 weeks. (A-C)
mMRNA expression of DIx5, CBFA1 and ALP was measured by real-time polymerase chain reaction (A). Protein levels of DIx5, CBFA1 were measured by Western
blot analysis (B, left panel). Densitometry analysis was performed with the indicated antibodies (B, right panel). Alizarin red S staining (C) Data represent the
meanzstandard error of the mean of 3 individual experiments.
Pi, inorganic phosphate; VSMC, vascular smooth muscle cell; DIx5, distal-less homeobox 5; CBFAI, core-binding factor a-1; ALP, alkaline phosphatase.
Statistical significance was determined relative to the control (*p<0.05; Tp<0.01; ¥p<0.001) or compared with Pi-treated cells (5p<0.05; p<0.01) using the

Student's t-test.

calcification induced by Pi, VSMCs were cultured in calcification media containing or lacking
zingerone. The presence of Pi in the culture media significantly upregulated the expression of
osteogenic marker genes in VSMCs. Zingerone significantly suppressed Pi-induced osteogenic
marker gene expression, such as DIx5, CBFA1, and ALP (Fig. 2A). Additionally, the change of
DIX5 and CBFAL1 protein levels were same pattern to mRNA expression (Fig. 2B, left panel); DIX5

https://e-jla.org
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and CBFA1 protein bands from Western blot analysis were confirmed by densitometry analysis
(Fig. 2B, right panel). We used ARS staining, which stains calcium deposits, to evaluate the
effects of zingerone on Pi-induced calcium deposition. After 2 weeks of culture with Pi and/

or zingerone, zingerone inhibited Pi-induced staining levels in VSMCs (Fig. 2C). These results
suggest that zingerone can suppress Pi-induced calcification of VSMCs.

3. Zingerone protects VSMCs from calcification via AMPK phosphorylation
Activation of the AMPK signaling pathway attenuates vascular calcification.”? We
investigated whether zingerone mediates AMPK. This led us to investigate whether the
protective effects of zingerone against Pi-induced calcification are mediated via activation
of the AMPK pathway. Zingerone increased AMPK phosphorylation in a time-dependent
manner (Fig. 3A, left panel). AMPK protein bands from Western blot analysis were
confirmed by densitometry analysis (Fig. 3A, right panel). To further confirm, the AMPK
inhibitor Compound C (1 uM) was treated. Protein levels of DIx5 and CBFA1 were reduced by
zingerone, but Compound C upregulated the protein levels of DIx5 and CBFAL1 in zingerone-
treated VSMCs (Fig. 3B, left panel). AMPK phosphorylation protein bands from Western
blot analysis were confirmed by densitometry analysis (Fig. 3B, right panel). DIx5 and CBFA1
protein bands were confirmed graph by densitometry analysis (Fig. 3B, lower panel). Also

in ARS staining analysis, zingerone decreased protein level of calcification; however, these
effects were recovered by Compound C (Fig. 3C). These results suggest that zingerone
protects phosphate-induced calcification of VSMC through AMPK activation.

4. TIMP4 is upregulated by zingerone in VSMC

TIMP4 has been reported to regulate abdominal aortic aneurysms in aortic VSMCs.” Increased
levels of TIMP4 lower the risk of abdominal aortic aneurysm. Based on this finding, we
investigated whether zingerone modulates the expression of TIMPs. Zingerone concentration-
dependently increased TIMP4 mRNA expression, and slightly (but not significantly) increased
the expression of TIMP1, TIMP2, and TIMP3 (Fig. 4A). Zingerone recovered the mRNA
expression and protein levels of TIMP4 inhibited by Pi (Fig. 4B and C, left panel). The TIMP4
protein bands from Western blot analysis were confirmed by densitometry analysis (Fig. 4C,
right panel). These results suggest that zingerone regulates TIMP4 expression in VSMCs.

5. TIMP4 upregulation inhibits vascular calcification

Based on our results presented in Fig. 4, we explored the effect of TIMP4 gene overexpression
and knock-down on vascular calcification. TIMP4 overexpression concentration-dependently
reduced Pi-induced increases in DIx5 and CBFA1 protein levels whereas increased TIMP4
expressions (Fig. 5A, upper panel). TIMP4, DIx5, and CBFA1 protein bands from Western blot
analysis were confirmed by densitometry analysis (Fig. 5A, lower panel). Furthermore, ARS
staining analysis confirmed that Pi-induced calcification was inhibited by overexpression of
TIMP4 (Fig. 5B). TIMP4 gene knock-down decreased TIMP4 protein levels, and increased
protein expression of DIX5 (Fig. 5C). TIMP4 and DIx5 protein bands from Western blot
analysis were confirmed by densitometry analysis (Fig. 5C, lower panel). These results
indicate that TIMP4 participated in inhibition of vascular calcification.

6. Zingerone-mediated AMPK activation upregulates TIMP4

To further investigate the link between the activities of zingerone, AMPK, and TIMP4 in vascular
calcification, we transduced VSMCs with a constitutively active form of AMPK (CA-AMPK). The
CA-AMPK obviously increased mRNA expression and protein levels of TIMP4 (Fig. 6A and B).
Additionally, TIMP4 protein levels were inhibited by Pi, upregulated by zingerone, and reduced
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Fig. 3. The protective effect of zingerone on Pi-induced calcification mediated by AMPK. VSMCs were treated

with zingerone (100 nM) for 0.5, 1, 3, 6 and 12 hours (A). Cells were treated with or without Pi, zingerone, and
Compound C (1 uM) for 2 days or 2 weeks (B, C) Protein levels of p-AMPK, AMPK, DIx5, and CBFA1 were measured
by Western blot analysis (A, B, left panel). Densitometry analysis was performed with the indicated antibodies (A,
right panel and B, right panel, down panel). Alizarin red S staining (C). Data represent the meanzstandard error
of the mean of 3 individual experiments.

Pi, inorganic phosphate; AMPK, AMP-activated protein kinase; p-AMPK, phospho-AMPK; t-AMPK, total AMPK;
VSMC, vascular smooth muscle cell; DIx5, distal-less homeobox 5; CBFAI1, core-binding factor a-1.

Statistical significance was determined relative to a control (*p<0.05; Tp<0.01; ¥p<0.001) or compared with the Pi-
treated group (3p<0.05; 1p<0.01), Pi and zingerone group (Tp<0.05; **p<0.01; Tp<0.005) using the Student's t-test.

by Compound C (1 pM) (Fig. 6C, left panel). TIMP4 protein bands from Western blot analysis
were confirmed by densitometry analysis (Fig. 6C, right panel). These results suggest that
zingerone reduced vascular calcification through activation of AMPK and TIMP4, and that AMPK
is upstream of TIMP4.
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TIMP, tissue inhibitor of metalloproteinase; VSMC, vascular smooth muscle cell; Pi, inorganic phosphate.
Statistical significance was determined relative to a control by the Student's t-test ("p<0.05; Tp<0.01) and compared with Pi-treated cells by the Student's t-test (}p<0.05).
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DISCUSSION

In this study, we identified the effect of zingerone on Pi-induced osteogenic trans-differentiation of
VSMCs. The process of calcification of VSMCs is similar to that of mineralization of osteoblasts.**
In vitro, high Pi treatment leads to an increased expression of osteogenic differentiation and
calcification markers in VMSCs derived from rat aorta smooth muscle cells.? In our study,
zingerone prevented phosphate-induced calcification (Fig. 2). Zingerone significantly inhibits the
cellular production of proinflammatory mediators such as tumor necrosis factor-o. in Raw 264.7
macrophages.®® Also, zingerone has anti-angiogenic activity by inhibiting matrix metalloproteases
during tumor progression.’ Recently, it was reported that zingerone increases osteogenic marker
genes such as Runx2, ALP and Col-I mRNA in mouse mesenchymal stem cells.*

Increased vascular calcification is associated with the development of atherosclerosis and
diabetes, as well as certain heredity conditions, especially chronic kidney disease. The
presence of Pi is a major inducer of calcification. During the calcification process, osteogenic
marker genes increase; zingerone concentration-dependently decreased the mRNA
expression of CBFA1 and induced differentiation of VSMCs (Fig. 1B-D).
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Fig. 5. TIMP4 represses calcification of VSMCs. VSMCs were transiently transfected with pCMV-TIMP4 and incubated in the presence of 3 mM Pi for 2 days (A, B).
VSMCs were transfected with siTIMP4-1, 2 and 3 and incubated for 2 days (C). Protein levels of TIMP4, DIx5, and CBFA1 measured by Western blot analysis (A, C,
upper panel). Protein levels of TIMP4, DIx5, and CBFAT were measured by densitometry analysis (A, C, lower panel). Alizarin red S staining (B). Data represent the
meanzstandard error of the mean of 3 individual experiments.

TIMP, tissue inhibitor of metalloproteinase; VSMC, vascular smooth muscle cell; Pi, inorganic phosphate; DIx5, distal-less homeobox 5; CBFA1, core-binding factor a-1.
Statistical significance determined relative to a control by the Student's t-test (*p<0.05; Tp<0.01; ¥p<0.001), and compared with phosphate-treated cells by the

Student's t-test (3p<0.05; 1p<0.01).
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Piperine, a component of black pepper, modulates the activity of AMPK; specifically, piperine
stimulates osteoblast differentiation marker genes through AMPK activation.® Since the
molecular structure of zingerone is similar to piperine and capsaicin (found in chili pepper),®
we hypothesized that AMPK is stimulated by zingerone. Indeed, our experiments confirmed
that 100 nM zingerone significantly increased AMPK activity (Fig. 3A). Despite the treatment
of zingerone, calcification was deposited by Compound C (Fig. 3C). Results of studies
presented in Figs. 1-3 show that zingerone induces AMPK phosphorylation and this effect
abolishes vascular calcification.

TIMP4 expression was increased by zingerone, and increased TIMP4 contributed to the
suppression of calcification (Fig. 4). AMPK/TIMP4 signaling has several related studies

to pulmonary artery, kidney and obesity.>*** Although several studies suggest that AMPK
activation modulates TIMP expression, this has not been specifically demonstrated in VSMCs.
We used a loss- and gain-of-function approach to investigate the role of AMPK and TIMP4 in
VSMC calcification. High Pi induced the expression of osteogenic genes and inhibited TIMP4
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Fig. 6. Zingerone enhances TIMP4 expression through AMPK phosphorylation. VSMCs were transfected with pc-DNA3.0-AMPK and incubated for 2 days (A, B).
VSMCs were cultured with or without Pi, zingerone, and Compound C (1 pM) for 2 days (C). mRNA expression of TIMP4 was measured by real-time polymerase
chain reaction (A). Protein levels of TIMP4 measured by Western blot analysis (B, C). Protein levels of TIMP4 were measured by densitometry analysis (B, lower
panel and C, right panel). Data represent the mean+standard error of the mean of 3 individual experiments.

TIMP, tissue inhibitor of metalloproteinase; AMPK, AMP-activated protein kinase; VSMC, vascular smooth muscle cell; Pi, inorganic phosphate.

Statistical significance was determined relative to a control (*p<0.01; Tp<0.005) or compared with the Pi-treated group (*p<0.05) Pi and zingerone group ($p<0.05)
using the Student's t-test.

expression. We believe that this study is the first to show that Pi inhibits TIMP4 expression.
Overexpression of TIMP4 decreased Pi-induced calcification, and knock-down of TIMP4
increased calcification (Fig. 5). TIMPs suppress the activity of metalloproteases such as matrix
metalloprotease and disintegrin and metalloproteases. Furthermore, we used a constitutively
active form of AMPK to show that AMPK positively regulates TIMP4 mRNA and protein levels;
in addition, TIMP4 expression was inhibited by the AMPK inhibitor Compound C (Fig. 6).
Therefore, zingerone reverses vascular calcification by activating a pathway involving AMPK
and TIMP4, and AMPK is upstream of TIMP4.

To the best of our knowledge, this is the first study to describe a protective effect of zingerone

on phosphate-induced calcification of VSMCs. Zingerone can reduce phosphate-induced
calcification of aortic VSMCs through activation of AMPK/TIMP4 signaling. These results suggest
that the natural product zingerone may be useful for treating vascular and metabolic diseases.
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