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Background and Purpose: Atherosclerosis, resulting from lipid dysregulation and

vascular inflammation, causes atherosclerotic cardiovascular disease (ASCVD), which

contributes to morbidity and mortality worldwide. Chalcone and its derivatives

possess beneficial properties, including anti-inflammatory, antioxidant and antitumour

activity with unknown cardioprotective effects. We aimed to develop an effective

chalcone derivative with antiatherogenic potential.

Experimental Approach: Human THP-1 cells and HUVECs were used as in vitro

models. Western blots and real-time PCRs were performed to quantify protein,

mRNA and miRNA expressions. The cholesterol efflux capacity was assayed by 3H

labelling of cholesterol. LDL receptor knockout (Ldlr−/−) mice fed a high-fat diet were

used as an in vivo atherogenesis model. Haematoxylin and eosin and oil red O staining

were used to analyse plaque formation.
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Key Results: Using ATP-binding cassette transporter A1 (ABCA1) expression we

identified the chalcone derivative, 1m-6, which enhances ABCA1 expression and

promotes cholesterol efflux inTHP-1 macrophages. Moreover, 1m-6 stabilizes ABCA1

mRNA and suppresses the expression of potential ABCA1-regulating miRNAs

through nuclear factor erythroid 2-related factor 2 (Nrf2)/haem oxygenase-1 (HO-1)

signalling. Additionally, 1m-6 significantly inhibits TNF-α-induced expression of

adhesion molecules, vascular cell adhesion molecule 1 (VCAM-1) and intercellular

adhesion molecule 1 (ICAM-1), plus production of proinflammatory cytokines via

inhibition of JAK/STAT3 activation and the modulation of Nrf2/HO-1 signalling in

HUVECs. In atherosclerosis-prone mice, 1m-6 significantly reduces lipid accumulation

and atherosclerotic plaque formation.

Conclusion and Implications: Our study demonstrates that 1m-6 produces promising

atheroprotective effects by enhancing cholesterol efflux and suppressing inflammation-

induced endothelial dysfunction, which opens a new avenue for treating ASCVD.

LINKED ARTICLES: This article is part of a themed issue on Risk factors, com-

orbidities, and comedications in cardioprotection. To view the other articles in this

section visit http://onlinelibrary.wiley.com/doi/10.1111/bph.v177.23/issuetoc

1 | INTRODUCTION

Atherosclerotic cardiovascular disease (ASCVD) associated with

vascular events, such as myocardial infarction, unstable angina,

stroke and sudden cardiac death, is the leading cause of mortality

and morbidity worldwide (Romaine, Tomaszewski, Condorelli, &

Samani, 2015). The critical factors involved in the development

of atherosclerosis include lipid dysregulation and endothelial cell (EC)

dysfunction. Currently, atherosclerotic cardiovascular disease treat-

ment requires multiple approaches, including antiplatelet agents,

ß-adrenoceptor antagonists, angiotensin-converting enzyme inhibitors

and statins. The development of therapeutic regimens is challenging

owing to uncertain atherosclerotic plaque formation mechanisms and

the dynamic interactions occurring between plaque and immune cells

(Gistera & Hansson, 2017). Accordingly, novel therapeutic strategies

should specifically target uncontrolled inflammation and lipid

dysregulation in the vessel wall.

Endothelial dysfunction is the initiating event in the progression

of atherosclerotic disease (Daiber et al., 2017). Monocytes tightly

adhere to endothelial cells, triggering the inflammatory process of

atherosclerosis via interactions between integrins and endothelial

ligands, such as intercellular adhesion molecule 1 (ICAM-1) and

vascular cell adhesion molecule 1 (VCAM-1). In atherosclerosis-

prone LDL receptor knockout (Ldlr−/−) mice, VCAM-1 depletion

significantly reduces the area of early atherosclerotic lesions

(Cybulsky et al., 2001). Observational studies of humans have

shown that patients with acute coronary syndrome have higher

plasma levels of VCAM-1 and ICAM-1 than those without acute

coronary syndrome (Macias et al., 2003). Moreover, reverse choles-

terol transporters, such as ATP-binding cassette transporter A1

(ABCA1) and ATP-binding cassette transporter G1 (ABCG1), export

excess cholesterol from peripheral tissues to the liver for subse-

quent lipid metabolism. Epidemiological studies have identified a

negative correlation between cholesterol efflux capacity and cardio-

vascular events (Khera et al., 2011; Rohatgi et al., 2014). Such evi-

dence points out the critical role of cholesterol efflux and

endothelial dysfunction in atherosclerotic cardiovascular disease.

Natural ingredients have been extensively studied for their

promising therapeutic effects. Chalcone is a phenolic compound that

is present in a wide range of vegetables, fruits, teas and other

What is already known

• Chalcone derivatives exert anti-inflammatory effects.

• Chalcone derivatives enhance ABCA1 expression in THP-

1 macrophages through unclear mechanisms.

What this study adds

• A new chalcone derivative 1m-6 promotes cholesterol

efflux, suppressing endothelial dysfunction thus reducing

atherosclerosis

• 1m-6 enhances ABCA1 expression and reduces TNF-

α-induced adhesion molecules expression in macrophages

and HUVECs.

What is the clinical significance

• A novel chalcone derivative with potent atheroprotective

effects presents new avenues for treating ASCVD.
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plants (Zhuang et al., 2017). Many studies have claimed that

chalcones and their derivatives have beneficial pharmaceutical

properties, including anti-inflammatory, antioxidant, antiapoptotic

and antitumour activity. Chalcone derivatives reduce the LPS-

induced inflammatory response in macrophages (Chen et al., 2018).

Chalcone derivatives inhibit ischaemia/reperfusion-induced myocar-

dial infarction in rats (Annapurna, Mudagal, Ansari, & Rao, 2012).

Additionally, novel synthetic indole–chalcone fibrates exhibit anti-

dyslipidaemic effects in hyperlipidaemic rats (Yang et al., 2014).

However, the antiatherogenic effects of chalcone derivatives have

rarely been mentioned.

We previously demonstrated that a novel chalcone derivative,

1m, up-regulates ABCA1 expression in THP-1 macrophages (Teng

et al., 2018). To develop a multifaceted compound for atherosclerotic

cardiovascular disease treatment, we identified another novel

chalcone derivative, 1m-6, which promotes cholesterol efflux by

up-regulating ABCA1 expression in macrophages and attenuates

TNF-α-induced endothelial dysfunction. In addition, we evaluated the

underlying molecular mechanisms. Undoubtedly, 1m-6 ameliorates

atherosclerosis and reduces lipid accumulation in atherosclerosis-

prone Ldlr−/− mice.

2 | METHODS

2.1 | Chalcone analogue synthesis

Proton (300 MHz) and carbon (75 MHz) NMR spectra were recorded

on a Varian Mercury-300 NMR spectrometer (Agilent, Santa Clara,

CA, USA). Chemical shifts downfield from tetramethylsilane (TMS),

which was used as an internal reference, were reported on the δ scale

as parts per million (p.p.m.). Mass spectra were measured using a VG

Analytical Model 70–250 s Mass Spectrometer (Varian, Palo Alto, CA,

USA). All reagents were used as obtained commercially.

(E)-1-(3,4-dimethoxyphenyl)-3-(4-isopropoxy-3-methoxyphenyl)

prop-2-en-1-one (1m-6) 1H-NMR (CDCl3): δ 7.76 (1H, d, J = 15.6 Hz),

7.68 (1H, dd, J = 8.7, 1.8 Hz), 7.62 (1H, d, J = 1.8 Hz), 7.41 (1H, d,

J = 15.6 Hz), 7.22 (1H, d, J = 8.7 Hz), 6.94 (1H, d, J = 8.4 Hz), 6.91

(1H, d, J = 8.4 Hz), 4.62 (1H, sept, J = 6.0 Hz), 3.97 (6H, s), 3.93 (3H,

s), 1.41 (6H, d, J = 6.0 Hz); 13C-NMR (CDCl3): δ 188.7, 150.3, 149.8,

149.2, 144.2, 131.6, 128.0, 123.5, 122.8, 122.7, 119.6, 114.6, 111.1,

110.9, 109.9, 71.3, 56.1 (3C), 22.0; EI-MS m/z (relative intensity %):

356 (M+, 65), 314 (100), 283 (88), 165 (47), 77 (22); HRMS Calcd for

C21H24O5: 356.1624. Found: 356.1627.

2.2 | Reagents and antibodies

Rabbit anti-STAT3 (#8768S, RRID: AB_2722529), rabbit anti-pSTAT3

(#9145S, RRID: AB_2491009), rabbit anti-phospho JAK 2 (pJAK2)

primary antibody (#3771, RRID: AB_330403), rabbit anti-JAK2

(#3230, RRID: AB_2128522) and rabbit anti-ICAM-1 primary anti-

bodies (#4915S, RRID: AB_2280018) were obtained from Cell Signal-

ing (Danvers, MA, USA). Rabbit anti-ABCG1 (#NB400-132, RRID:

AB_10125717) and rabbit anti-nuclear factor erythroid 2-related

factor 2 (Nrf2 or NRF2) primary antibodies (#NB100-91897, RRID:

AB_1217300) were obtained from Novus Biologicals (Littleton,

CO, USA). Mouse anti-Histone H1 primary antibody (#05-457, RRID:

AB_310843) was obtained from Millipore (Billerica, MA, USA). Mouse

anti-ABCA1 (#AB18180, RRID: AB_444302), mouse anti-α-tubulin

(#AB7291, RRID: AB_2241126) and rabbit anti-VCAM-1 primary

antibodies (#AB134047, RRID: AB_2721053) were obtained from

Abcam (Cambridge, UK). Mouse anti-haem oxygenase-1 (HO-1) pri-

mary antibody (#sc-136960, RRID: AB_2011613) was obtained from

Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mouse anti-β-actin

primary antibody (#MA5-15739, RRID: AB_10979409) was obtained

from Thermo Scientific (Rockford, IL, USA). Peroxidase-AffiniPure

Goat Anti-Mouse IgG (H + L) (#115-035-003, RRID: AB_10015289)

and peroxidase-AffiniPure Goat Anti-Rabbit IgG (H + L) secondary

antibodies (#111-035-003, RRID: AB_2313567) were obtained from

Jackson ImmunoResearch (West Grove, PA, USA). Unless otherwise

indicated, other chemicals and reagents were all obtained from Sigma-

Aldrich Chemical Company (St. Louis, MO, USA).

2.3 | Cell culture

For human THP-1 macrophage experiments, human THP-1 cells

(#60430, RRID: CVCL_0006) were purchased from the Bioresource

Collection and Research Centre (Hsinchu, Taiwan) and cultured in

RPMI 1640 medium (HyClone, Logan, UT, USA) supplemented with

10% FBS (Gibco, Grand Island, NY, USA), 100 U�ml−1 penicillin (Gibco)

and 100 μg�ml−1 streptomycin (Gibco). At the beginning of the experi-

ments, humanTHP-1 cells (1 × 106 cells�ml−1) were differentiated into

macrophages by incubation with 100 ng�ml−1 phorbol 12-myristate

13-acetate (PMA) in the culture medium for 3 days. For endothelial

cell experiments, human umbilical vein endothelial cells (HUVECs;

#2000p-05N, RRID: CVCL_2959) were purchased from Cell Applica-

tions (San Diego, CA, USA). The HUVECs were cultured in a mixture

of endothelial cell growth medium (Cell Applications, San Diego, CA,

USA) and M199 medium (Gibco) supplemented with 20% FBS,

100 U�ml−1 penicillin and 100 μg�ml−1 streptomycin. Cells at passages

6–7 were used in the experiments.

2.4 | Cell viability assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) assay was applied to assess cell viability as previously described

(Teng et al., 2018). Briefly, THP-1 cells (4 × 104 cells) were seeded in

96-well plates in the culture medium. The cells were differentiated by

treatment with 100 ng�ml−1 PMA for 72 h. After THP-1 cell differenti-

ation, theTHP-1-derived macrophages were treated with various con-

centrations of 1m derivatives (1m-1 to 1m-6) for another 24 h.

Subsequently, the cells were washed with culture medium and further

incubated with 5 mg�ml−1 MTT at 37�C for 6 h. Then the culture

medium was removed and 50-μl DMSO was added to the wells.

Finally, the mitochondrial reduction of MTT, which forms purple

formazan dye aggregates, was detected using an ELISA reader

(Dynatech Laboratories, West Sussex, UK) at 550-nm absorbance.
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2.5 | Western blot assay

The Immuno-related procedures used comply with the recommenda-

tions made by the British Journal of Pharmacology (Alexander

et al., 2018). Enhanced chemiluminescence western blotting was per-

formed as previously described (Chen et al., 2017). THP-1-derived

macrophages or HUVECs cultured under the indicated conditions

were collected. The collected cells were resuspended in RIPA buffer

with protease/phosphatase inhibitors (Roche Diagnostics, Mannheim,

Germany). The nucleus lysates were collected using NE-PER™

Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific;

Rockford, IL, USA). The protein concentration was determined using

the Bradford assay (Bio-Rad, Hercules CA, USA). Equal amounts of

whole-cell extracts were loaded on 10% SDS-PAGE for electrophore-

sis. Thereafter, proteins were transferred to a nitrocellulose mem-

brane. The membrane was blocked for 1 h with 5% non-fat milk in

TBS-T and further incubated with primary antibodies with 2.5% BSA

in TBS-T (dilution of 1:5,000 for α-tubulin and β-actin and dilution of

1:1,000 for all others) targeting the indicated proteins overnight at

4�C. Then the membrane was washed three times with TBS-T buffer

and incubated for another 1 h with conjugated secondary antibodies

at a 1:5,000 dilution in blocking buffer. Finally, after being exten-

sively washed with TBS-T buffer, the membrane was incubated with

HRP substrate (Millipore, Billerica, MA, USA) and the signal was

acquired by a LAS-4000 Luminescent Image Analyzer (Fujifilm,

Tokyo, Japan). The images were analysed using ImageJ software

(RRID:SCR_003070, National Institutes of Health, Bethesda, MD,

USA). The densitometries of target proteins normalized to internal

control were presented.

2.6 | Cholesterol efflux assay

Cells (1 × 106 cells per well) were incubated with 0.5 μCi�ml−1 3H-

labelled cholesterol (Perkin Elmer) at 37�C for 24 h. After being

washed twice with PBS, the cells were treated with 10-μM 1m-6 or

0.05% DMSO for 24 h. Next, the treated cells were incubated for

another 2 h in medium containing 2% fatty acid-free BSA (FAFA) and

2-μM acetyl-CoA acetyltransferase inhibitor. Thereafter, 20 μg�ml−1

human apolipoprotein A1 (ApoA1) or BSA was added to the medium

and the cells were incubated for another 6 h. Finally, the cells

and medium were collected and the radioactivity was measured.

The values were expressed as ApoA1 [supernatant-associated
3H-cholesterol content/total (supernatant-associated + cell-associated)
3H-cholesterol] − BSA [supernatant-associated 3H-cholesterol con-

tent/total (supernatant-associated + cell-associated) 3H-cholesterol].

2.7 | Macrophage oil red O staining

Oil red O (ORO; Sigma, St. Louis, MO, USA) staining was applied to

measure the lipid accumulation in THP macrophages. THP-1 macro-

phages were pretreated with 1m-6 or DMSO for 2 h and stimulated

with oxidized LDL (ox-LDL) (50 μg�ml−1, Kalen Biomedical, Montgom-

ery Village, MD) for 24 h. The cells were washed with PBS and fixed

with 4% paraformaldehyde, followed by dehydration with 60% iso-

propanol for 1 min. The lipids were then stained using filtered fresh

ORO solution for 15 min at room temperature. Subsequently,

haematoxylin was used to counterstain the cell nuclei for 1 min after

rinsing with 60% isopropanol. The ORO staining was observed using a

light microscope. To quantify the lipid accumulation, the ORO was

eluted with 100% isopropanol and measured using a spectrophotome-

ter at 490-nm absorbance.

2.8 | Quantification of mRNA expression

RNA was obtained from cells cultured under the indicated conditions

using an RNeasy Mini Kit (#74106, QIAGEN, Hilden, Germany)

following the manufacturer's instructions. The concentration and

purity of the isolated RNA were evaluated using a Nanodrop spectro-

photometer and reverse transcribed to cDNA using an iScript™ cDNA

Synthesis Kit (#170-8891, Bio-Rad) following the manufacturer's pro-

tocol. Then 5-ng cDNA was amplified in a 20 μl total volume, including

KAPA SYBR FAST kit (#kk4609, Kapa Biosystems, Wilmington, MA,

USA) components and gene-specific primers, at a final concentration

of 100 nM. The cycling program was composed of an initial step to

activate the enzyme at 95�C for 3 min, followed by 40 cycles of 95�C

for 10 s, 60�C for 20 s and 72�C for 1 s. Finally, after the amplifica-

tion, the analysis of the melting curve from 65�C to 97�C was

performed using a Roche LC480 2X Real-Time PCR system (Roche

Diagnostics). Data are presented as the expression of the gene of

interest relative to that of an internal control gene (GAPDH) using

the comparative CT method. Data are expressed as the relative

quantification of target mRNA, which was calculated based on the

equation: fold change = 2−Δ (ΔCt), where 4Ct = Cttarget gene − CtGAPDH

and 4 (4Ct) = 4Ct
stimulated

− 4Ctcontrol. The Y axis in figures was

labelled as “fold mean of the controls” in all mRNA expression data.

The primer sequences are provided in the supporting information

(Table S1).

2.9 | Quantification of miRNAs

Cellular miRNAs were obtained from cells cultured in the indicated

conditions using a miRNeasy kit (#1038703, Qiagen) following the

manufacturer's instructions. A Nanodrop 2000 spectrophotometer

(Thermo Scientific) was used to determine the concentration and

purity of the isolated RNA. The obtained cDNA was then reverse

transcribed from 1 μg of miRNA using a miScript II RT kit with HiFlex

Buffer (#218161, Qiagen). Quantitative real-time PCRs (qRT-PCRs)

were performed using 20 ng of cDNA mixed with miScript SYBR

Green PCR kit components (#218073, Qiagen) and optimized on a

Roche LC480 2X (Roche Diagnostics). The cycling program involved

initial activation at 95�C for 15 min, followed by 40 cycles of 95�C for

15 s, 55�C for 30 s and 70�C for 30 s. The miRNA expression was

analysed by relative quantification with the comparative CT method,

normalized to that of RNU6-2 as the universal invariant reference

(4Ct) and compared with that of the vehicle sample (44Ct). The

Y axis in figures was labelled as “fold mean of the controls” in miRNA
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expression data. Detailed primer information is provided in the

supporting information (Table S2).

2.10 | Enzyme-linked immunosorbent assay (ELISA)

Cytokine concentrations were assayed using Duoset ELISA kits for

the indicated cytokines (R&D Systems; Minneapolis, MN, USA) by

following the manufacturer's instructions. Briefly, capture antibodies

for the indicated cytokines were coated on a 96-well flat-bottom

plate, which was then incubated at room temperature overnight.

The coated plate was washed three times with wash buffer. Then

the plate was blocked in blocking buffer for 1 h. The standard curve

was generated using recombinant proteins diluted twofold in dilu-

tion buffer. The collected supernatants were added to each well at

the indicated dilutions (5× dilution for IL-6; 10× dilution for IL-8)

and incubated for 2 h. After being washed three times, the plate

was incubated with detection antibodies for 2 h. Subsequently, the

plate was washed, 40×-diluted streptavidin-HRP was added and the

plate was incubated for 20 min. Finally, the plate was washed five

times, a tetramethylbenzidine substrate solution (Clinical Science

Products, Mansfield, MA, USA) was added and the plate was incu-

bated for another 10 min. The reaction was stopped by the addition

of a stop solution and the cytokine concentrations were determined

at OD450 nm using an ELISA reader (Dynatech Laboratories, West

Sussex, UK). Except where stated, all procedures were performed at

room temperature.

2.11 | Transient siRNA transfection

To specifically knockdown the expression of the indicated proteins,

siHO-1 (#sc-35554) and siCtrl (#sc-37007) were purchased from

Santa Cruz Biotechnology and siSTAT3 (#M-003544-02-0005) was

purchased from Dharmacon Inc. (Chicago, IL, USA). For THP-

macrophage transfection, THP-1 cells were seeded in six-well plates

at 80% confluence and differentiated by incubation with 100 ng�ml−1

PMA for 72 h. Dual transfections were performed with 10-nM

siHO-1 or siCtrl mixed with Lipofectamine RNAiMAX reagent

(Invitrogen, Carlsbad, CA, USA) for 24 h. For HUVEC transfection,

the cells were cultured in 35- or 60-mm dishes to 80% confluence.

Then the HUVECs were transfected with 10-nM siHO-1, siSTAT3,

or siCtrl mixed with Lipofectamine RNAiMAX reagent (Invitrogen)

for 24 h. The efficiency of protein knockdown was assessed by

western blot.

2.12 | Animals and in vivo experiments

All mice used in experiments were bred and maintained in pathogen-

free conditions (five mice per cage) under a protocol approved by the

Laboratory Animal Center at National Defense Medical Center, Taipei,

Taiwan (Approval Number: IACUC-19-012). Animal studies are

reported in compliance with the ARRIVE guidelines (Kilkenny,

Browne, Cuthill, Emerson, & Altman, 2010) and with the recommen-

dations made by the British Journal of Pharmacology. Every effort was

made to minimize animal suffering and the number of animals used.

Ldlr−/− mice on a C57BL/6J background (RRID: MGI:3772339) were

obtained from Professor Shing-Joung Lin's Lab at Taipei Veterans

General Hospital in Taiwan. These were selected because deletion of

the Ldlr gene in mice leads to a remarkable increase in plasma LDL

levels and the development of atherosclerotic lesions, which is a

widely accepted experimental mouse model to study atherosclerosis

(Ishibashi et al., 1993). Mice were housed in a controlled environment

at a temperature of 20 ± 2�C, with 50–60% humidity. Mice were

exposed to a daily 12-h light–12-h dark cycle with free access to

chow diet (13.4% of energy from fat, 60% from carbohydrates, 27.6%

from protein, LabDiet 5010, LabDiet, Richmond, IN, USA) and water

without restriction. Since gender-dependent responses have been

observed in cardiovascular disease models (Patten, 2007), we only

included the male mice in our in vivo models. Eight-week-old male

mice were fed a high-fat diet (HFD) (40% of energy from fat, 43%

from carbohydrates, 17% from protein, Product: D02031507,

Research Diets, Inc, New Brunswick, NJ, USA) for additional 12 weeks.

The mice were randomly grouped into those fed an high-fat diet with

DMSO (n = 6) and those fed an high-fat diet with 20 mg�kg−1�day−1
1m-6 (n = 6). After 4 weeks of high-fat diet the 12-week-old mice

were weighed (27.8 ± 0.6 g) and treated with 1m-6 or DMSO via a

subcutaneous ALZET® osmotic pump (Alza 10 Co., Palo Alto, CA,

USA). Although the study was designed for equal group size of mice

from six mated cages, the group sizes become unequal due to unex-

pected animal deaths during the experiment (n = 5 in DMSO group

and n = 6 in 1m-6 group, respectively). The 20-week-old mice were

killed via intraperitoneal (i.p.) injection of a mixture of Zoletil

(20 mg�kg−1) and Rompun (5 mg�kg−1), followed by cardiac puncture

blood collection (0.8–1 ml per mice). After being perfused with PBS,

aortas were collected and fixed in 4% paraformaldehyde for

haematoxylin and eosin (H&E), ORO and en face staining.

2.13 | Histological analysis

Collected aortas were fixed in 4% paraformaldehyde for 24 h and then

transferred to 30% sucrose PBS buffer for 3 days. Ten-micrometre-

thick sections were sliced for further staining. H&E staining (Dako,

Glostrup, Denmark) was conducted for morphometric lesion analysis.

Furthermore, for neutral lipid detection, 10-μm-thick sections were

rinsed with 78% methanol for 1 min and incubated with ORO working

solution (Muto Pure Chemicals Co., Ltd. Japan) for 50 min. Next, the

sections were rinsed under running tap water for 30 min and mounted

on slides. Finally, the slides were examined using a Zeiss LSM780

Laser Scanning Confocal Microscope (Carl Zeiss SAS, Jena, Germany).

Unless indicated otherwise, all procedures were performed at room

temperature.

2.14 | En face staining of the entire aorta

Aortas were fixed in 4% paraformaldehyde for 2 days before ORO

staining (Muto Pure Chemicals). The aortas were excised by cutting

through the innominate artery, left common carotid artery and left
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subclavian artery, followed by cutting along the inner curvature of the

aorta. The flat aortas were fixed on a black plate with pins and imaged

within 3 days. Images were captured using an iPhone Xs (Apple Inc.,

Cupertino, CA, USA).

2.15 | Data and analysis

All experiments were designed to generate groups of equal size, using

randomization and blinded analysis. Group sizes in each protocol were

determined based on our previous studies, preliminary results and the

power analysis (McGrath, Pawson, Sharman, & Alexander, 2015). All

the data, including outliers, were included in data analysis and presen-

tation. Data were expressed as the median with individual data. The

analysis was interpreted using GraphPad Prism 7 software (RRID:

SCR_002798, GraphPad Software Inc., San Diego, CA, USA). Statisti-

cal analysis was undertaken only for studies where each group size

was at least n = 5. The statistical analysis of the two groups was per-

formed using a paired two-tailed Student's t-test. The statistical analy-

sis of multiple groups was analysed by one-way ANOVA with

Bonferroni's post hoc comparison, which was used only when

F achieved P < 0.05. There was no significant variance in homogene-

ity. There is only one threshold for statistical significance (<0.05) in all

analysis. The declared group size is the number of independent values

and the statistical analysis was performed using these independent

values. Fold change to control was used in the analysis of gene

expressions, including mRNA and miRNA expressions, to avoid the

larger variation among different experiments. The mean values of the

control group were normalized to 1. The data and statistical analysis

comply with the recommendations of the British Journal of Pharmacol-

ogy on experimental design and analysis in pharmacology (Curtis

et al., 2018).

2.16 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018) and are permanently archived in the

Concise Guide to PHARMACOLOGY 2019/20 (Alexander

et al., 2019).

3 | RESULTS

3.1 | 1m-6 significantly increases cholesterol efflux
by increasing ABCA1 expression

We previously revealed that the chalcone derivative, 1m, enhances

ABCA1 expression in THP-1 macrophages (Teng et al., 2018). To

develop a more potent and multifunctional molecule than 1m, we

synthesized six chalcone derivatives: 1m-1 to 1m-6 (Figures S1A and

1a). These aldol intermediates were obtained using a procedure similar

to that described previously (Chen et al., 2013). Intramolecular hydro-

gen bonding, such as that observed in 1m-6, is known to prevent aldol

reactions. Therefore, 4-isopropoxy-3-methoxybenzaldehyde C was

used as the starting material for our synthesis. Benzaldehyde B was

protected with isopropyl bromide and potassium carbonate in

dimethylformamide in an approximately 95% yield. The isolated prod-

uct B was then reacted with 1-(3,4-dimethoxyphenyl)ethan-1-one

A with 5N KOH to produce 1m-6 at an 83% yield (Figure S2). The

compound displayed >95% purity based on the 1H-NMR results

(Chen et al., 2013). We further evaluated the biological effects of

these new derivatives. We found that 1m-6 was the most potent

compound, regulating ABCA1 expression in human THP-1 macro-

phages (Figure S1). The chemical structure of 1m-6 is shown in

Figure 1a. In THP-1 macrophages, after 24 h of treatment with 1m-6,

ABCA1 expression significantly increased in a dose-dependent

manner; the effect was superior to that of 1m (Figure 1b). Moreover,

1m-6 treatment dose-dependently enhanced ABCA1 mRNA expres-

sion (Figure 1c). Western blotting results indicated that treatment

with 1m-6 significantly enhanced ABCG1, another vital reverse

cholesterol transport, protein expression in THP-1 macrophages

(Figure S3). Due to the critical role of ABCA1 and ABCG1 in reverse

cholesterol transporter, we further examined the cholesterol efflux

capacity of 1m-6-treated THP-1 macrophages. Treatment with 1m-6

significantly increased the cholesterol efflux in THP-1 macrophages

(Figure 1d). Moreover, ORO staining was performed to detect macro-

phage lipid deposition, which revealed that treatment with 1m-6

significantly reduced ox-LDL-induced intracellular lipid accumulation

in THP-1 macrophages (Figure 1e). In the MTT assay, there were no

apparent cytotoxic effects in THP-1 macrophages treated with 1m-6

at the indicated doses (Figure 1f).

3.2 | 1m-6 enhances ABCA1 expression through the
up-regulation of liver X receptor α signalling and
down-regulation of the expression of
ABCA1-regulating miRNAs

To explore the mechanisms by which 1m-6 affects ABCA1 expression,

we examined the effects of 1m-6 on liver X receptor-α (LXRα) signal-
ling. We found that in THP-1 macrophages, 1m-6 significantly up-

regulated mRNA expressions of LXRα and ABCA1 after treatment for

6 and 24 h (Figure 2a). We further observed the expression of genes

downstream of LXRα signalling and found that inTHP-1 macrophages,

1m-6 significantly increased the mRNA expression of ABCG1 and ste-

rol regulatory element-binding protein 1 (SREBP1) and reduced the

mRNA expression of monocyte chemoattractant protein-1 (MCP-1). In

addition, it regulated, on activation, normal T cell expressed and

secreted (RANTES), which are negatively regulated by LXRα (Zelcer &

Tontonoz, 2006) (Figure 2a). Additionally, we examined whether 1m-6

participates in the translational modulation of ABCA1. Using actino-

mycin D to block de novo RNA synthesis, we observed that the mRNA

of ABCA1 was highly protected from degradation in 1m-6-treated

THP-1 macrophages (Figure 2b). Several miRNAs have been shown to

be involved in the post-translational regulation of ABCA1 mRNA

(Romaine et al., 2015). We found that treatment with 1m-6 signifi-

cantly reduced expression of miRNAs closely associated with ABCA1
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regulation, including miR-10b, miR-27a, miR-33, miR-106b, miR-145

and miR-155, though the levels of some ABCA1-regulating miRNAs,

such as miR-128, miR-148a, miR-206 and miR-758, were unchanged

or elevated during 1m-6 treatment (Figure 2c). Such evidence partly

elucidates that treatment with 1m-6 protected ABCA1 mRNA from

degradation. All these results indicate that 1m-6 up-regulates ABCA1

F IGURE 1 A chalcone derivative, 1m-6, significantly increases ATP-binding cassette transporter A1 (ABCA1) expression and promotes
cholesterol efflux inTHP-1 macrophages. (a) The chemical structure of the chalcone derivative 1m-6. (b) HumanTHP-1 macrophages were
treated with the indicated doses of 1m-6 or 1m for 24 h. Cell lysates were collected and analysed using western blot. Representative data and
quantitative results expressed as the median with individual data of five independent experiments are shown. (c) HumanTHP-1 macrophages
were treated with various doses of 1m-6 for 24 h. Cellular RNA was collected for quantitative real-time PCR (qRT-PCR) analysis. Data are shown
as the median with individual data of five independent experiments. (d) Total cholesterol efflux was evaluated inTHP-1 macrophages treated with
10-μM 1m-6 or DMSO for 24 h after 6 h of incubation with apolipoprotein A1 (ApoA1) or BSA. The results from five independent experiments
are presented as the median with individual data. (e) THP-1 macrophages were pretreated with the 1m-6 or DMSO for 2 h and then stimulated
with oxidized LDL (ox-LDL) (50 μg�ml−1) for 24 h. Lipids accumulation was determined using oil red O (ORO) staining. The ORO-stained area was
observed using light microscopy (400× magnification). Quantitative results were obtained by measuring the eluted ORO using a
spectrophotometer. The results from five independent experiments are presented as the median with individual data. (f) HumanTHP-1
macrophages were treated with various doses of 1m-6 for 24 h and then incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) for a further 6 h. Cell viability was measured by detecting the absorbance of dissolved MTT crystals using an ELISA reader. The
results from five independent experiments are presented as the median with individual data. Conc. indicates concentration. V indicates the
vehicle (DMSO) control. Significance is presented as *P < 0.05 versus the indicated group
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mRNA expression by activating LXRα signalling and inhibiting

miRNA-mediated ABCA1 regulation.

3.3 | 1m-6 promotes ABCA1 expression through
Nrf2/HO-1 signalling

It has been reported that chalcone derivatives enhance haem

oxygenase-1 (HO-1) expression and anticancer activity in A549

lung cancer cells (Padhye, Ahmad, Oswal, & Sarkar, 2009; Zhao

et al., 2017). We found that 1m-6 significantly increased HO-1

expression at both the protein and mRNA levels in THP-1

macrophages (Figure 3a,b). Nrf2 is a key transcription regulator of

HO-1 (Itoh et al., 1997; Satoh et al., 2006). We then evaluated the

effects of 1m-6 on nuclear Nrf2 expression and found that treatment

with 1m-6 significantly enhanced Nrf2 nuclear translocation in THP-1

macrophages (Figure 3c). To evaluate the effects of 1m-6 on the

expression of inflammatory cytokines, THP-1 macrophages were

treated with 1m-6 before LPS stimulation. We found that LPS

enhanced proinflammatory cytokines, including IL-1β, IL-6 and TNF-α,

mRNA expression. Treatment with 1m-6 further enhanced IL-1β

mRNA expression in LPS-induced THP-1 macrophages, while the

expressions of IL-6 and TNF-α mRNA exhibited a decreased and no

change, respectively (Figure S4). To explore the underlying mecha-

nisms by which HO-1 regulates ABCA1 expression, HO-1 was

knocked down in THP-1 macrophages using siRNA treatment. HO-1

silencing significantly reduced the 1m-6-induced HO-1 expression,

resulting in inhibition of ABCA1 expression in 1m-6-treated THP-1

macrophages (Figure 3d,e). Moreover, inhibition of HO-1 rescued the

1m-6-induced down-regulation of ABCA1 regulatory miRNAs, includ-

ing miR-10b, miR-33, miR-106b, miR-145 and miR-155 (Figure 3f).

These data highlight that HO-1 plays a pivotal role in the regulation of

ABCA1 expression.

3.4 | 1m-6 halts TNF-α-induced endothelial
inflammation

TNF-α is known to induce inflammation through the enhanced

expression of adhesion molecules and production of proinflammatory

F IGURE 2 1m-6 stabilizes ABCA1 mRNA expression by activating liver X receptor α (LXRα) signalling and reducing the expression of
ABCA1-targeting miRNAs inTHP-1 macrophages. (a) HumanTHP-1 macrophages were treated with 10-μM 1m-6 or DMSO for 2, 6, or 24 h.
Cellular RNA was collected for qRT-PCR analysis. Data are shown as the median with individual data of five independent experiments. (b) Human

THP-1 macrophages were treated with 5 μg�ml−1 actinomycin D and 10-μM 1m-6 or DMSO for the indicated lengths of time. Cellular RNA was
collected for qRT-PCR analysis. Data are shown as the mean ± SEM of six independent experiments. (c) HumanTHP-1 macrophages were treated
with 10-μM 1m-6 or DMSO for 24 h. Cellular miRNA was collected for further qRT-PCR analysis. Data are shown as the median with individual
data of five independent experiments. V indicates the vehicle (DMSO) control. Significance is presented as *P < 0.05 versus the indicated group

5382 CHEN ET AL.

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4974
http://il-6
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=821


cytokines by endothelial cells (Fiedler et al., 2006). In response to

TNF-α stimulation, the expression of adhesion molecules, such as

VCAM-1 and ICAM-1, was induced in HUVECs (Figure 4a,b). Pre-

treatment with 1m-6 significantly suppressed TNF-α-induced expres-

sion of VCAM-1 and ICAM-1 at protein and mRNA levels (Figure 4a,b).

Additionally, the TNF-α-induced secretion of proinflammatory cyto-

kines, including IL-6 and IL-8 (CXCB8), was inhibited in HUVECs

pretreated with 1m-6 (Figure 4c). Furthermore, 1m-6 significantly

inhibited TNF-α-induced IL-6 and IL-8 mRNA expression in HUVECs

(Figure 4d). These results clearly support the hypothesis that 1m-6 pro-

tects against TNF-α-induced endothelial dysfunction.

3.5 | 1m-6 blocks TNF-α-induced ICAM-1
expression through the up-regulation of HO-1
expression

HO-1 exerts anti-inflammatory effects in endothelial cells, such as

modulating adhesion molecules and decreasing proinflammatory

cytokine production (Soares et al., 2004). We observed that 1m-6

increases HO-1 expression in THP-1 macrophages (Figure 3), there-

fore we further examined the effects of 1m-6 on HO-1 expression in

HUVECs. Treatment with 1m-6 significantly increased HO-1 protein

and mRNA expression in HUVECs (Figure 5a,b). Results demonstrated

that treatment with 1m-6 significantly induced nuclear Nrf2 expres-

sion in HUVECs (Figure 5c), confirming the effects of 1m-6 on the

regulation of Nrf2/HO-1 signalling. To assess the role HO-1 plays in

modulating the expression of adhesion molecules, we used siHO-1

to knock down HO-1 expression in 1m-6-treated HUVECs. 1m-6

decreased TNF-α-induced VCAM-1 and ICAM-1 protein expression,

and the inhibition of HO-1 neutralized the suppressive effects of

1m-6 onTNF-α-induced ICAM-1, but not VCAM-1, protein expression

in HUVECs (Figure 5d). Interestingly, HO-1 silencing did not affect the

inhibition of TNF-α-induced ICAM-1 mRNA expression by 1m-6

treatment (Figure 5e). These data suggest that HO-1 plays a role in

1m-6-mediated repression of TNF-α-induced ICAM-1 expression

through translational modulation.

F IGURE 3 1m-6 increases ABCA1 expression through the induction of haem oxygenase-1 (HO-1) expression inTHP-1 macrophages. (a and
b) HumanTHP-1 macrophages were treated with the indicated doses of 1m-6 for 24 h. (a) Cell lysates were collected and analysed using western
blot. Representative data and quantitative results expressed as the median with individual data of five independent experiments are shown.
(b) Cellular mRNA was collected for further qRT-PCR analysis. Data are shown as the median with individual data of five independent
experiments. (c) THP-1 macrophages were treated with 1m-6 at the dose of 10 μM for 24 h. Nuclear lysates were collected and analysed using
western blot. Representative data and quantitative results of five independent experiments expressed as the median with individual data are
shown. (d–f) THP-1 macrophages were double-transfected with siCtrl or siHO-1 for 24 h. After transfection, the cells were treated with 10-μM
1m-6 or DMSO for 24 h. (d) Cell lysates were collected and analysed using western blot. Representative data and quantitative results expressed
as the median with individual data of five independent experiments are shown. (e) Cellular mRNAs were collected for further qRT-PCR analysis.
Data are shown as the median with individual data of five independent experiments. (f) Cellular miRNAs were collected for further qRT-PCR
analysis. Data are shown as the median with individual data of five independent experiments. V indicates the vehicle (DMSO) control. Significance
is presented as *P < 0.05 versus the indicated group. N.S. indicates not significant
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3.6 | 1m-6 suppresses TNF-α-induced VCAM-1
expression via inhibition of JAK/STAT3 signalling

To explore the regulation of VCAM-1 expression in 1m-6-treated

HUVECs, we analysed the effects of 1m-6 treatment on TNF-

α-activated NF-κB signalling. We found that 1m-6 treatment did not

affect NF-κB signalling activation in TNF-α-activated HUVECs

(Figure S5). Previous studies have shown that STAT3 signalling is

involved in the modulation of TNF-α-induced adhesion molecule

expression (Lee et al., 2012). Treatment with TNF-α activated

STAT3 at the time points of 2 and 4 h, whereas treatment with 1m-6

significantly decreased STAT3 activation (Figure 6a). We further

found that pretreatment with 1m-6 dose-dependently inhibited TNF-

α-induced STAT3 phosphorylation in HUVECs (Figure 6b). Previous

studies suggested that TNF-α activates the JAK pathway, leading to

persistent phosphorylation of STAT3 in HUVECs (Kandhaya-Pillai

et al., 2017). To evaluate the regulatory mechanism of 1m-6 on STAT3

phosphorylation, we investigated the activities of JAK2 and found

that treatment with 1m-6 significantly reduced TNF-α-enhanced

JAK2 phosphorylation (Figure 6c). Such results clearly elucidate the

effects of 1m-6 on the JAK/STAT3 signalling pathway. Moreover, the

inhibition of STAT3 by siRNA significantly suppressed TNF-α-induced

VCAM-1 expression at protein and RNA levels (Figure 6d,e). These

results suggest that 1m-6 inhibits TNF-α-induced VCAM-1 expression

through JAK/STAT3 signalling.

3.7 | Treatment with 1m-6 ameliorates arterial
plaque formation and lipid accumulation in
atherosclerosis-prone mice

Ldlr−/− mice, which are prone to developing atherosclerosis, were fed

a high-fat diet and treated with 1m-6 or vehicle via subcutaneous

mini-pump. Light microscopy analysis showed that, compared to

DMSO treatment, 1m-6 treatment reduced plaque formation in the

aortic arch (Figure 7a). Moreover, en face ORO staining of the whole

aorta showed significantly decreased lipid content in the 1m-6-treated

F IGURE 4 1m-6 dose-dependently inhibits theTNF-α-induced production of inflammation mediators in human umbilical vein endothelial
cells (HUVECs). HUVECs were pretreated with 1m-6 for 2 h and further stimulated with 10 ng�ml−1 TNF-α for 22 h. (a) Cell lysates were collected
and analysed using western blot assay. Representative data and quantitative results expressed as the median with individual data of five
independent experiments are shown. (b) Cellular mRNAs were collected for further qRT-PCR analysis. Data are shown as the median with
individual data of six independent experiments. (c) Supernatants were collected and analysed using ELISA. Data are shown as the median with
individual data of five independent experiments. (d) Cellular mRNAs were collected for qRT-PCR analysis. Data are shown as the median with
individual data of six independent experiments. V indicates the vehicle (DMSO) control. Significance is presented as *P < 0.05 versus the
indicated group
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group (Figure 7b). The morphological pictures of the brachiocephalic

artery from 1m-6- and DMSO-treated mice are shown in Figure 7c.

Lipid deposition in the brachiocephalic artery was examined by ORO

staining (Figure 7d). Compared to the DMSO-treated group, the

1m-6-treated groups showed significantly reduced plaque formation

and lipid accumulation in the brachiocephalic artery (Figure 7c,d).

These data suggest that 1m-6 has therapeutic potential in

atherosclerosis-prone mice.

4 | DISCUSSION AND CONCLUSIONS

In the current study, we demonstrate that a novel synthetic chalcone

derivative, 1m-6, facilitates cholesterol efflux by up-regulating ABCA1

expression through the activation of LXRα-ABCA1 and Nrf2/HO-1

signalling to suppress the miRNA-mediated regulation of ABCA1

expression in THP-1 macrophages. Additionally, 1m-6 rescues

inflammation-mediated endothelial dysfunction by modulating Nrf2/

HO-1 and JAK/STAT3 signalling in TNF-α-activated HUVECs. Promis-

ingly, 1m-6 attenuates atherosclerotic plaque and lipid accumulation

in the arteries of atherosclerosis-prone mice (Figure 8).

ABCA1 plays a vital role in the efflux of cholesterol from cells to

ApoA1 (Phillips, 2014). Both transcriptional and post-translational

regulation play a crucial role in the control of its expression

(Canfran-Duque, Ramirez, Goedeke, Lin, & Fernandez-Hernando,-

2014). LXRα signalling induces the expression of many genes involved

in cholesterol transport, including ABCA1 and ABCG1. In the current

study, 1m-6 treatment was found to highly up-regulate LXRα, ABCA1

and ABCG1 gene expression. In addition, 1m-6 increased the

F IGURE 5 1m-6 blocksTNF-α-induced intercellular adhesion molecule 1 (ICAM-1) expression by inducing HO-1 expression in human
umbilical vein endothelial cells (HUVECs). (a and b) HUVECs were treated with various doses of 1m-6 for 24 h. (a) Cell lysates were collected and
analysed using western blot. Representative data and quantitative results expressed as the median with individual data of five independent
experiments are shown. (b) Supernatants were collected and analysed using ELISAs. Data are shown as the median with individual data of five
independent experiments. (c) HUVECs were treated with 10-μM 1m-6 for 24 h. Nuclear lysates were collected and analysed using western blot.
Representative data and quantitative results of five independent experiments expressed as the median with individual data are shown. (d and e)
HUVECs were transiently transfected with siCtrl or siHO-1 for 24 h. After transfection, the cells were treated with 10-μM 1m-6 or DMSO for 2 h
and further stimulated with 10 ng�ml−1 TNF-α for 22 h. (d) Cell lysates were collected and analysed using western blot. Representative data and
quantitative results expressed as the median with individual data of five independent experiments are shown. (e) Cellular mRNA was collected for
further qRT-PCR analysis. Data are shown as the median with individual data of five independent experiments. V indicates the vehicle (DMSO)
control. Significance is presented as *P < 0.05 versus the indicated group. N.S. indicates non-significant
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expression of the SREBP1 gene, which contains the LXRα response

elements in its promoter (Ma et al., 2008). Moreover, anti-

inflammatory LXR signalling has been shown to suppress the expres-

sion of proinflammatory genes, including MCP-1 and RANTES

(Bensinger & Tontonoz, 2008). The anti-inflammatory properties of

1m-6 were shown by its negative regulation of MCP-1 and RANTES in

THP-1 macrophages. These results indicate that 1m-6 positively

regulates LXRα signalling to enhance ABCA1 transcription and protect

against atherogenesis.

Regarding the post-translational regulation, there is a long 30-

UTR in ABCA1 with many miRNA binding sites (Ramirez

et al., 2011). Previous studies have shown that several miRNAs,

including miR-33, miR-27a, miR-10b, miR-145 and miR-155, are

involved in the post-translational regulation of ABCA1 biosynthesis

(Canfran-Duque, Lin, Goedeke, Suarez, & Fernandez-Hernando,-

2016; Kang et al., 2013; Price et al., 2019). Therapeutic interven-

tions promoting ABCA1-dependent cholesterol efflux have been

shown to halt atherogenesis by reducing the expression of miRNAs,

mainly miR-33, followed by miR-19b and miR-122 (Baselga-

Escudero et al., 2014; Lv et al., 2015). These compounds, including

diosgenin, enhance ABCA1 expression through the suppression of

one or two miRNAs. Our study clearly demonstrates that 1m-6

F IGURE 6 1m-6 suppressesTNF-α-induced vascular cell adhesion molecule 1 (VCAM-1) expression through the inhibition of STAT3
signalling. (a) Human umbilical vein endothelial cells (HUVECs) were pretreated with 10-μM 1m-6 or DMSO for 2 h and further stimulated with
10 ng�ml−1 TNF-α for the indicated time points. Cell lysates were collected and analysed using western blot. Representative data and quantitative
results expressed as the median with individual data of five independent experiments are shown. (b) HUVECs were pretreated with various doses
of 1m-6 or DMSO for 2 h and further stimulated with 10 ng�ml−1 TNF-α for 2 h. Cell lysates were collected and analysed using western blot.
Representative data and quantitative results expressed as the median with individual data of seven independent experiments are shown.
(c) HUVECs were pretreated with various doses of 1m-6 or DMSO for 2 h and then stimulated with 10 ng�ml−1 of TNF-α for 30 min. Cell lysates
were collected and analysed using western blot. Representative data and quantitative results of six independent experiments expressed as the
median with individual data are shown. (d and e) HUVECs were transiently transfected with siCtrl or siSTAT3 for 24 h. After transfection, the
cells were pretreated with 10-μM 1m-6 or DMSO for 2 h and further stimulated with 10 ng�ml−1 TNF-α for 22 h. (d) Cell lysates were collected
and analysed using western blot. Representative data and quantitative results expressed as the median with individual data of five independent
experiments are shown. (e) Cellular mRNAs were collected for further qRT-PCR analysis. Data are shown as the median with individual data of
five independent experiments. V indicates the vehicle (DMSO) control. Significance is presented as *P < 0.05 versus the indicated group
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extensively reduces the expression of miRNAs-regulating ABCA1

expression, which further protects ABCA1 mRNA from degradation.

This evidence highlights the potent effects of 1m-6 on the post-

translational regulation of ABCA1 expression.

The atheroprotective effects of HO-1 have been proposed to be

related to its anti-inflammatory and antioxidant properties (Abraham,

Junge, & Drummond, 2016). Depletion of HO-1 has been shown to

abrogate up-regulation of ABCA1 expression in Ginkgo biloba extract

761- or tanshinone IIA-treated macrophages (Liu et al., 2014; Tsai

et al., 2010), which indicates that HO-1 plays a role in the protection

of ABCA1 protein from degradation. Interestingly, we found that

under 1m-6 treatment, HO-1 signalling suppresses the expression

ABCA1-regulating miRNAs, which possibly further enhances ABCA1

mRNA stability. In contrast to the studies with G. biloba extract

761- or tanshinone IIA-treated macrophages, we propose that

HO-1 might participate in the biosynthesis of these

ABCA1-regulating miRNAs in 1m-6-treated THP-1 macrophages.

HO-1 is an antioxidative and cytoprotective enzyme, which

degrades haem to biliverdin, iron ions and carbon monoxide

(Maines, 1997). Previous studies indicated that overexpression of

HO-1 reduced DGCR8 dimer formation and expression of DGCR8,

which is a protein involved in miRNA processing and requires

F IGURE 7 Treatment with 1m-6 attenuates lipid accumulation and plaque formation in atherosclerosis-prone mice. (a) Representative light
microscopy pictures of the 1m-6-treated (n = 6) or DMSO-treated (n = 5) aortic arches in LDL receptor knockout (Ldlr−/−) mice fed a high-fat diet
(HFD). (b) Representative en face ORO staining and quantitative results of the 1m-6-treated (n = 6) or DMSO-treated (n = 5) whole aortas from

Ldlr−/− mice fed an HFD. (c and d) Representative histological analysis and quantitative results of sliced arteries from 1m-6-treated (n = 6) or
DMSO-treated (n = 5) Ldlr−/− mice fed an HFD with haematoxylin and eosin (H&E) staining (c) and ORO staining (d). The results are expressed as
the median with individual data. Significance is presented as *P < 0.05 versus the indicated group
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haem, leading to disturbed miRNA production (Ameres &

Zamore, 2013; Kozakowska et al., 2012). Such evidence partly

explained the effects of 1m-6 on the up-regulation of HO-1 and

down-regulation of ABCA1-regulating miRNAs. Further studies are

needed to clarify the role of 1m-6 on HO-1 up-regulation and

miRNA expression.

Our study demonstrates that 1m-6 treatment suppresses

TNF-α-induced VCAM-1 and ICAM-1 expression in HUVECs. Previ-

ous studies suggested that viscolin, a chalcone isolated from Viscum

coloratum, inhibits TNF-α-induced VCAM-1 expression by suppressing

JNK-NF-κB signalling (Liang et al., 2011). Interestingly, 1m-6 inhibits

the TNF-α-induced expression of VCAM-1 and ICAM-1 via down-

regulation of STAT3 activation and up-regulation of HO-1 expression

in endothelial cells, respectively, but does not affect NF-κB signalling.

Although viscolin and 1m-6 are chalcone derivatives, they have

distinctl seperate mechanisms on the regulation of TNF-α-induced

adhesion molecules. Consistent with our results, cinnamaldehyde has

been shown to exert inhibitory effects on TNF-α-induced ICAM-1

expression through HO-1 signalling in endothelial cells (Liao

et al., 2008). Additionally, 1m-6 suppressed the production of

proinflammatory cytokines, such as IL-6 and IL-8, in TNF-α-activated

HUVECs, which further emphasizes the anti-inflammatory and

atheroprotective nature of 1m-6 (Bhaskar et al., 2011).

Treatment with 1m-6 suppresses VCAM-1 expression by interfer-

ing with JAK/STAT3 signalling in TNF-α-stimulated endothelial cells.

STAT3 plays crucial roles in the development of atherosclerosis

through the regulation of vascular cells, including endothelial cells,

vascular smooth muscle cells and immune cells (Chen et al., 2019).

Importantly, mice with endothelial-specific STAT3 ablation exhibit

reduced atherosclerotic lesions (Gharavi et al., 2007). Previous studies

have shown that STAT3 plays a role in the development of endothelial

dysfunction via the rearrangement of microfilaments and microtu-

bules and regulation of adhesion molecule expression (Chen

et al., 2019). Sustained STAT3 activation contributes to the

unregulated expression of adhesion molecules in endothelial cells.

Consistent with our results, previous studies suggested that pharma-

cological or genetic inhibition of STAT3 activation suppresses TNF-

α-induced VCAM-1 expression (Lee et al., 2012; Liu et al., 2017).

Although it has been proposed that chalcone derivatives inhibit

STAT3 signalling in haematopoietic and pancreatic cells (Funakoshi-

Tago et al., 2008; Jiang et al., 2015), we provide the first evidence that

1m-6 attenuates TNF-α-induced VCAM-1 expression through STAT3

signalling in endothelial cells. Intriguingly, our results suggest that the

genetic inhibition of STAT3 represses the expression of VCAM-1 in

TNF-α-stimulated endothelial cells to a lesser extent than 1m-6 treat-

ment. The incomplete depletion of STAT3 in this study and the other

F IGURE 8 Schematic diagram of the antiatherogenic effects of 1m-6 inTHP-1 macrophages, TNF-α-activated human umbilical vein
endothelial cells (HUVECs) and atherosclerosis-prone mice. Treatment with 1m-6 increases ABCA1 expression and promotes cholesterol efflux in
humanTHP-1 macrophages and inhibits TNF-α-induced adhesion molecule and inflammatory mediator expression in HUVECs, thereby

contributing to the atheroprotective effects in atherosclerosis-prone mice. In humanTHP-1 macrophages, 1m-6 enhances ABCA1 expression by
activating LXRα and Nrf2/HO-1 signalling. Treatment with 1m-6 down-regulates the expression of ABCA1-regulating miRNAs through the
modulation of HO-1 expression. In HUVECs, 1m-6 suppressesTNF-α-induced VCAM-1 and ICAM-1 expression through the inhibition of
JAK/STAT3 activation and the up-regulation of Nrf2/HO-1 expression, respectively
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possible regulatory mechanisms involved in the 1m-6-mediated mod-

ulation of VCAM-1 expression partly explain the above-mentioned

effects of STAT3 and 1m-6 on VCAM-1 expression.

We first identified a chalcone derivative, 1m-6, that significantly

ameliorates atherosclerotic plaque and lipid accumulation in the aortas

of Ldlr−/− mice fed a high-fat diet. Several in vivo immunomodulatory

effects of chalcone derivatives have been studied. The novel chalcone

derivative, L2H17, protects mice fed an high-fat diet against obesity-

induced renal injury (Fang, Deng, et al., 2015) and reduces the inflam-

matory response in the heart and kidney of streptozotocin-induced

diabetic mice (Fang, Wang, et al., 2015). Treatment with hesperidin

methyl chalcone, a chalcone derivative, inhibits hyperalgesia and the

inflammatory response induced by carrageenan and complete

Freund's adjuvant in Swiss mice (Pinho-Ribeiro et al., 2015). Regarding

the cardioprotective effects of chalcone derivatives, it has been

suggested that the administration of trans-chalcone improves athero-

genesis, liver fibrosis and lipid profiles in NMRI mice fed an high-fat

diet (Karkhaneh, Yaghmaei, Parivar, Sadeghizadeh, & Ebrahim-Habibi,-

2016) via unclear mechanisms. Using immunohistochemistry staining,

we found that treatment with 1m-6 reduced the expression of CD68

in the atherosclerotic plaques of Ldlr−/− mice (data not shown). These

results indicate the anti-inflammatory nature of 1m-6 with the inhibi-

tion of macrophages infiltration during 1m-6 treatment, which is

another important underlying mechanism of antiatherosclerotic

effects of 1m-6. Interestingly, 1m-6 did not affect ABCA1 expression

in the atherosclerotic plaques. Discrepancies between the in vitro and

in vivo effects of 1m-6 on ABCA1 expression may be due to the

decreased number of macrophages in atherosclerotic plaques. Using

biologically functional approaches and the genetic inhibition of HO-1

and STAT3, we demonstrate the remarkable therapeutic effects of

1m-6 in atherosclerosis-prone Ldlr−/− mice and provide mechanistic

insights into its atheroprotective effects.

Several limitations should be mentioned. First, the in vivo choles-

terol efflux effect of 1m-6 was not assessed in the current study. Sec-

ond, genetic manipulations of ABCA1, HO-1 and STAT3 in mice

treated with 1m-6, which would powerfully elucidate the mechanisms

regarding 1m-6 effects on atherosclerosis, were not conducted. Third,

the effects of STAT3 inhibitors on vascular cell function and athero-

sclerosis were not evaluated. Finally, the underlying regulatory mecha-

nisms regarding 1m-6 on Nrf2/HO-1 signalling require further

evaluation. Kelch-like ECH-associated protein 1 is a repressor protein

that binds to Nrf2 and promotes its degradation. The conformation

change of kelch-like ECH-associated protein 1 results in nuclear trans-

location of Nrf2 and subsequent target gene expression (Kansanen,

Kuosmanen, Leinonen, & Levonen, 2013; Taguchi, Motohashi, &

Yamamoto, 2011). Accordingly, the effects of 1m-6 on kelch-like

ECH-associated protein 1 inhibition require further investigation in

future studies. Despite these limitations, our study clearly shows the

promising atheroprotective effects of 1m-6.

In conclusion, we developed a novel and potent chalcone deriva-

tive, 1m-6, with the dual-atheroprotective effects of enhancing cho-

lesterol efflux and reducing inflammation-induced endothelial

dysfunction. The enhancement of cholesterol efflux and ABCA1

expression by 1m-6 in macrophages occurs through Nfr2/HO-

1-miRNA signalling. Additionally, 1m-6 attenuates TNF-α-induced

VCAM-1 and ICAM-1 expression in HUVECs by suppressing

JAK/STAT3 and promoting Nrf2/HO-1 signalling, respectively. In

addition to exhibiting promising atheroprotective effects in

Ldlr−/− mice, 1m-6 exhibits therapeutic potential for atherosclerotic

cardiovascular disease. Further in vivo and human studies are needed

to confirm the atheroprotective effects of 1m-6.
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