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scavenger receptor expression in THP-1 cells and alters
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Scope: Nobiletin, a polymethoxyflavone from the peel of citrus fruits, has been reported to inhibit

modified LDL uptake in macrophages and enhance hepatic LDL receptor expression and activity.

We report the anti-atherogenic effect and mechanism of 5-demethylnobiletin, an auto-hydrolysis

product of nobiletin.

Methods and results: 5-Demethylnobiletin significantly attenuated phorbol 12-myristate 13-

acetate-induced gene expression and activity of scavenger receptors, CD36, scavenger recep-

tor-A and lectin-like oxidized LDL receptor-1. The inhibitory effect is partly associated with the

inhibition of protein-kinase C activity and c-Jun NH2-terminal kinase 1/2 phosphorylation,

thereby inhibiting the activation of activator protein-1 and nuclear factor-kB. 5-Demethyl-

nobiletin treatment also led to reduction of oxidized LDL-induced CD36 mRNA expression

and blockade of 1,10-dioctadecyl-3,3,30,30-tetramethylindocarbocyanide perchlorate-modified

LDL uptake in THP-1-derived macrophages. In the human hepatoma cell line HepG2, 5-

demethylnobiletin significantly induced LDL receptor activity and transcription, at least in

part, through steroid-response element-binding protein-2 activation. 5-Demethylnobiletin

also decreased the mRNA expression of acyl CoA:diacylglycerol acyltransferase 2, the key

enzyme involved in the hepatic triacylglycerol biosyntheses.

Conclusion: Current results suggest that 5-demethylnobiletin has diverse anti-atherogenic

bioactivities. It is more potent in inhibiting monocyte-to-macrophage differentiation and

foam cell formation than its permethoxylated counterpart, nobiletin. It exhibits similar

hypolipidemic activity as nobiletin and both can enhance LDL receptor gene expression and

activity and decreased acyl CoA:diacylglycerol acyltransferase 2 expression.
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1 Introduction

Atherosclerosis, which is characterized by an accumulation

of lipid laden foam cells beneath the aortic endothelium,

constitutes the single most important contributor to cardi-

ovascular disease [1]. Plasma LDL readily enters the artery

wall by crossing the endothelial membrane into intima,

where it is subjected to a variety of modifications. The

modified LDL activates endothelial cells to express monocyte

chemotactic protein 1, which attracts monocytes from the

vessel lumen into the subendothelial space [2] and promotes

the differentiation of monocytes into macrophages [1]. The

activated macrophages in turn release a variety of inflam-

matory cytokines and express high level of scavenger

receptors (SRs) which recognize and uptake the different

forms of modified LDL and lead to the formation of foam

cells [1]. A variety of SRs have been identified, and CD36,

SR-A, and lectin-like oxidized LDL receptor-1 (LOX-1)

represent the principal receptors in the process of foam cell

formation [3, 4]. The direct evidences of the involvement of

SRs in atherosclerosis have been demonstrated using

knockout mice [5–10] and these findings suggest that CD36,

SR-A, and LOX-1 play pro-atherogenic roles in vivo.

It is well known that the liver not only manufactures and

secretes VLDL into the blood but also removes LDL from the

blood. The regulation of plasma LDL cholesterol levels via
LDL receptor (LDLR)-mediated clearance is a well-defined

process involving endocytosis and lysosomal degradation of

LDL. Increased hepatic LDLR expression results in

improved removal of LDL cholesterol and is associated with

a decreased risk of developing cardiovascular diseases [11].

Therapeutic interventions that increase hepatic LDLR

expression could improve LDL clearance from the circula-

tion and in turn slow atherosclerotic development and

reduce the risk of coronary heart disease [12, 13].

Hepatic overproduction of apolipoprotein B (apoB)-

containing lipoprotein is among the most prevalent

complications associated with high risk of developing

atherosclerosis [14]. The synthesis and availability of tria-

cylglycerols play a critical role in intracellular apoB proces-

sing and secretion of VLDL [15]. As a result, modulation of

hepatic triacylglycerol synthesis and associated key enzyme

activities may serve as pharmacological targets for lowering

plasma lipoprotein level. Acyl CoA:diacylglycerol acyl-

transferases (DGATs) are microsomal enzymes that catalyze

the last committed step in triacylglycerol synthesis. DGAT1

and DGAT2 are the two DGAT proteins, which have distinct

tissue distribution: the former is expressed most highly in

the enterocytes, whereas the latter has high expression in

the hepatic and adipose tissue [16].

The roles of citrus flavonoids in prevention and treatment

of disease have recently received considerable attention, with

particular interest in the use of these flavonoids as anti-

inflammatory, anti-cancer, and anti-atherogenic agents [17].

Animal experiments and clinical trials showed that oral

administration of citrus flavonoids significantly decreased

the level of cholesterol and triglycerides [18–23]. The mole-

cular mechanisms underlying the hypolipidemic effects of

citrus flavonoids have been attributed to upregulated

expression of LDLR [24] as well as reduced activities or

expressions of a number of lipogenic enzymes, including

DGATs [25], 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA)

reductase [20], acyl CoA:cholesterol acyl-CoA:cholesterol

acyltransferase and microsomal triglyceride transfer protein

[26].

In addition to the noted hypolipidemic potential, oral

administration of citrus flavonoids could decrease aortic

fatty streak area in high cholesterol-fed rabbits [27]. Cell-

culture data demonstrated that nobiletin (NOB), a citrus

polymethoxyflavone (PMF), inhibited acetylated LDL

(acLDL) uptake in J774A.1 macrophages [28] and SR

expression in phorbol 12-myristate 13-acetate (PMA)-

induced THP-1 cells [29, 30]. Recently, our laboratory also

demonstrated that 30,40-dihydroxy-5,6,7,8-tetramethoxy-

flavone (30,40-didemethylnobiletin), a metabolite of NOB,

inhibited both PMA- and oxidized LDL (oxLDL)-induced

monocyte differentiation and modified LDL uptake in

macrophages [31].

NOB (Fig. 1) is one of the most studied and abundant

PMFs found in orange peel extract from cold-pressed sweet

orange peel oil [32]. 5-Demethylnobiletin (Fig. 1) can be

isolated from aged orange peel extract, and is believed to be

formed by auto-hydrolysis of NOB during long-term storage

[33–35]. Recently, efforts have been made to compare the

biological activities of hydroxylated PMFs with their

permethoxylated counterparts. It was found that 5-deme-

thylnobiletin exhibited much stronger inhibitory effects on

the growth of various cancer cells in comparison with NOB,

suggesting the pivotal role of hydroxyl group at the 5-posi-

tion in the enhanced anti-cancer activity [33–36].

Although the aforementioned studies demonstrated

promising effects of citrus flavonoids, such as naringin,

naringenin, hesperetin, and NOB, on prevention of athero-

sclerosis, to the best of our knowledge, no study has been

conducted for 5-demethylnobiletin. As a consequence, we

aim to understand whether 5-demethylnobiletin possesses

anti-atherogenic activity and its underlying mechanism. Our

effort was focused on the regulatory effects of 5-demethyl-

nobiletin on monocyte-to-macrophage differentiation, foam

cell formation, hepatic LDLR activity and expression, and

hepatic DGAT2 expression. It is noteworthy that this is the

first report on the anti-atherosclerotic effect and mechanism

of 5-demethylnobiletin.

2 Materials and methods

2.1 Materials

5-Demethylnobiletin, NOB, and 30,40-didemethylnobiletin

were purified or synthesized as described earlier (Fig. 1)

[37]. RPMI-1640 medium, PMA, and other chemicals were
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purchased from Sigma-Aldrich (St. Louis, MO, USA) unless

otherwise stated. Fetal bovine serum was purchased from

Hyclone (Logan, UT, USA). 1,10-Dioctadecyl-3,3,30,30-tetra-

methylindocarbocyanide perchlorate (DiI) was purchased

from Invitrogen Life Technologies (Carlsbad, CA, USA).

2.2 Preparation and oxidation of LDL

LDL (d 5 1.019–1.063 g/mL) was prepared from the plasma

of healthy donors by sequential ultracentrifugation [38].

Lipoprotein was desalted and concentrated by ultra-filtration

(Centricon 4, Amicon, Beverly, MA, USA) against PBS at

450� g, 41C for 120 min. The protein concentration was

measured by the method of Bradford [39], using BSA as a

standard.

Briefly, oxLDL was prepared by incubation of LDL

(0.2 mg of LDL protein/mL) with 5 mM Cu21 in PBS at 371C

for 24 h, followed by addition of 0.24 mM EDTA to stop

oxidation. The degree of LDL oxidation was determined by

measurement of TBARS formation [40]. In all, oxLDL was

sterilized by filtration through a 0.45 mm pore size filter

(Gelman Sciences, Ann Arbor, MI) and stored at 41C.

2.3 Preparation of DiI-LDL, DiI-oxLDL, and DiI-acLDL

LDL was incubated overnight at 371C under nitrogen and

light protection with 50 mL of DiI (3 mg/mL in DMSO) for

each milligram of LDL protein. The LDL must be labeled

before acetylation or oxidation [41]. For preparation of DiI-

oxLDL, DiI-LDL (0.2 mg/mL) was incubated with 5 mM Cu21

in PBS at 371C in dark for 24 h [42]. Unbound dye and

copper ions from the oxidation step which would otherwise

be toxic to the cells were removed by passing through

Sephadex G-25 (GE Healthcare, Buckinghamshire, UK). For

preparation of DiI-acLDL, the method described by Basu

et al. [43] was employed. Unbound dye and acetic anhydride

from acetylation step were then removed by passing through

Sephadex-G25. Protein concentration of elute was deter-

mined by Bradford [39]. All lipoprotein preparations were

stored at 41C in sterile containers after filtration sterilization

(0.45mm).

2.4 Treatment of THP-1 cells with flavonoids

The monocyte-like cell line THP-1 was obtained from

Bioresource Collection and Research Center (Hsinchu,

Taiwan). THP-1 cells were cultured in RPMI 1640 medium,

which contained 0.3 g/L L-glutamine, 4.5 g/L glucose,

10 mM HEPES, 1.0 mM sodium pyruvate, and 10% fetal

bovine serum. Cell cultures were maintained at 371C in a

humidified 5% CO2/95% air incubator.

For monocytic-to-macrophage differentiation, THP-1

monocytes were cultured in 6-well plates (1� 106 cells/mL)

in RPMI-1640 medium for 30 min with test sample at the

specified concentrations, or with the vehicle (0.1% DMSO,

v/v), followed by stimulation with 30 nM PMA for 24 h. DiI-

modified LDL uptake or SR expression was then measured

as described below.

To prepare THP-1-derived macrophages, THP-1 mono-

cytes were cultured in 6-well plates (1� 106 cells/mL)

supplemented with PMA (200 nM) for 72 h. Nonadherent

cells were then removed by washing the wells twice with

medium. Macrophages were then treated with test sample

or control vehicle and cultured for additional 48 h in fresh

medium. DiI-modified LDL uptake or mRNA expression of

SRs was then measured as described below.

2.5 Treatment of HepG2 cells with flavonoids

HepG2 cells from the Bioresource Collection and Research

Center were maintained at 371C, 5% CO2 in DMEM
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Figure 1. Chemical structures of 5-demethylnobiletin, NOB, and

30,40-didemethylnobiletin.
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supplemented with 10% fetal bovine serum, 2 mM gluta-

mine, 1% nonessential amino acids, 1 mM pyruvate, 100 U/

mL penicillin, and 100 mg/mL streptomycin (Gibco BRL,

NY, USA).

For measurement of the mRNA expression of LDLR,

HMG-CoA reductase, and DGAT2, as well as SREBP-2

(SREBP, steroid-response element-binding protein) proces-

sing, HepG2 cells (1� 106 cells/mL) were seeded in 6-well

plates in normal medium for 24 h, followed by compound

treatment for additional 24 h [24]. For DiI-LDL uptake

analysis, attached HepG2 cells (1� 106 cells/mL) were

changed to serum-free medium for overnight followed by

compound treatment for additional 24 h [44].

2.6 Cell viability analysis

To examine cytotoxicity of 5-demethylnobiletin during

monocyte-to-macrophage differentiation, THP-1-derived

macrophages or HepG2 cells, 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium assay was used [45]. The concentra-

tions employed in the experiments did not exert significant

cytotoxicity (cell viability 490%).

2.7 DiI-LDL uptake measurement

DiI-modified LDL and DiI-LDL (10 mg/mL) was added into

THP-1 cells and HepG2 cells, respectively, and incubated for

24 h. The cells were washed with PBS and then examined

with a fluorescence-inverted microscope (IX-71, Olympus)

followed by flow cytometry analysis (FACScan, BD Bios-

ciences, San Jose, CA, USA) using the FL2 emission filter.

Data were acquired from 10 000 cells (events), and the

uptake was determined and expressed as the geometric

mean fluorescence intensity.

2.8 mRNA expression of SR-A, CD36, LOX-1, CD11b,

LDLR, HMG-CoA reductase, and DGAT2

Total cellular RNA was prepared using Illustra RNAspin

Mini RNA Isolation Kit (GE Healthcare). Reverse-tran-

scription was carried out using 1mg RNA and High-Capacity

cDNA Archive kit (Applied Biosystems, Foster City, CA,

USA). Quantitative PCR was performed with 2mL cDNA

obtained above in 25mL containing 200 nM primers using

Power SYBRs Green PCR Master Mix (Applied Biosys-

tems). The primer sequences were deduced from Primer-

Bank [46] and listed in Supporting Information Table 1.

Amplification was conducted on the ABI Prism 7300

sequence detection system. PCR conditions were as follows:

951C for 2 min, 40 cycles at 951C for 15 s, and 601C for 45 s.

The optimal concentrations of primers and templates used

were established based on the standard curve created before

the reaction and corresponded to approximately 100%

reaction efficiency. PCR results were then normalized to the

expression of glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) in the same samples.

2.9 Electrophoretic mobility shift assay for nuclear

factor-jB and activator protein-1 activation

analysis

HP-1 cells (6� 106 cells/6 mL in a 100-mm dish) were

incubated with the indicated agent or vehicle (0.1% DMSO,

v/v), stimulated with PMA (30 nM), then and collected after

4 h. Nuclear protein was isolated using NE-PER nuclear and

cytoplasmic extraction reagents (Thermo Scientific, Rock-

ford, IL, USA). Briefly, 12 mg of nuclear protein was incu-

bated with 50 fmol of 50-biotinate double-stranded

oligonucleotide probes containing a consensus binding-

sequence for nuclear factor-kB (NF-kB) (50-AGTTGAGGG-

GACTTTCCCAGGC-30) or activator protein-1 (AP-1)

(50-TTCGGCTGACTCATCAAGCG-30) [47] for 30 min at

room temperature and resolved in an 8% nondenaturing

polyacrylamide gel at 41C. The protein–DNA–biotin

complexes were blotted onto a nylon membrane followed by

UV cross-linking. The complexes were revealed with strep-

tavidin-horseradish peroxidase conjugate and substrate

(LightShift Chemiluminescent EMSA Kit, Thermo Scien-

tific). Specificity of the DNA–protein complex was

confirmed by competition with 100-fold excess of an unla-

beled NF-kB or AP-1 probe.

2.10 Extracellular signal-regulated kinase 1/2, c-Jun

NH2-terminal kinase 1/2, and p38 mitogen-

activated protein kinase immunoblotting

THP-1 cells (6� 106 cells/6 mL in a 100-mm dish) were

incubated with the indicated agent or vehicle (0.1% DMSO,

v/v), stimulated with PMA (30 nM), then and collected after

indicated time. Cells were rinsed in PBS before lysing with

RIPA buffer (Thermo Scientific), with protease inhibitor

cocktail (Sigma-Aldrich) and phosphatase inhibitor cocktail

(Calbiochem, San Diego, CA, USA), according to the

recommendations of the suppliers. Cell lysates (20mg/lane)

were resolved by 8% SDS-PAGE and transferred onto

Hybond ECL nitrocellulose (GE Healthcare) at 20 V over-

night at 41C. The membranes were blocked at room

temperature in blocking buffer (5% BSA in PBS solution)

for 2 h. Blots were analyzed with each antibody at a dilution

of 1:1000 anti-ERK1/2 (ERK, extracellular signal-regulated

kinase) (clone 137F5), anti-JNK1/2 (JNK, c-Jun NH2-term-

inal kinase) (clone 56G8), anti-p38, anti-phospho-ERK1/2

(clone D13.14.4E), anti-phospho-JNK1/2 (clone 81E11), and

anti-phospho-p38 (clone 3D7) (Cell Signaling Technology,

Beverly, MA, USA) at 41C for overnight. Peroxidase-conju-

gated secondary anti-rabbit IgG (1:10 000) were used to

detect the proteins of interest by ECL-Plus detection system
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(GE Healthcare). The intensities of these bands were

analyzed with Phoretix Gel Analysis Software (Nonlinear

Dynamics, Newcastle upon Tyne, UK)

2.11 Protein-kinase C kinase activity analysis

A nonradioactive protein-kinase C (PKC) activity assay kit

(Enzo Life Sciences, Ann Arbor, MI, USA) was used to

evaluate PKC activity in the samples. THP-1 cells (1� 106

cells/ mL in 6-well plate) were incubated with the indicated

agent or vehicle (0.1% DMSO, v/v), stimulated with PMA

(30 nM), then and collected after 2 h using lysis buffer

according to the manufacturer’s instructions. PKC substrate

microtiter plate, which was precoated with PKC substrate,

was soaked with kinase assay dilution buffer for 10 min at

room temperature. In total, 30mL of cell lysates (50 ng) or

PKC standard (10 ng) were then added, followed by the

addition of ATP to initiate the reaction. After incubation at

301C for 90 min, the reaction mixture was removed from the

plate, and phosphospecific substrate antibody was added to

each well and incubated at room temperature for 60 min.

The liquid was aspirated and wells were repeatedly washed.

Peroxidase-conjugated secondary anti-rabbit IgG was then

added to each well and incubated for another 30 min. The

wash was repeated after incubation and TMB substrate

solution was added to each well. Stop solution was added

after 30–60 min and the 96-well plate was read at 450 nm in

a microplate reader.

2.12 SREBP-2 immunoblotting

HepG2 cells (6� 106 cells/6 mL in a 100-mm dish) were

cultured as described above and either lysed on ice in a RIPA

buffer for the preparation of total cell lysates, or using NE-

PER nuclear and cytoplasmic extraction reagents for the

preparation of nuclear extracts. Proteins (30mg/lane) were

analyzed on 8% SDS-PAGE followed by Western blotting

analysis with antibodies against C-terminus of SREBP-2 (BD

Pharmingen, San Diego, CA, USA) or a-tubulin (Sigma-

Aldrich) for total cell lysates; and against N-terminus of

SREBP-2 (Cayman, Ann Arbor, MI, USA) or HDAC2

(GeneTex, Irvine, CA, USA) for nuclear extracts according to

the manufacturers’ suggestions. Blots were developed with

the appropriate secondary antibody conjugated to horseradish

peroxidase and ECL-Plus detection system (GE Healthcare).

2.13 Statistical analyses

Student’s t-tests were used to assess significant differences

in parameters measured between in the presence and in the

absence of test substance. The level of significance was set at

po0.05. All experiments have been performed at least three

times.

3 Results

3.1 Effect of 5-demethylnobiletin on SR expression

and activity during monocyte-to-macrophage

differentiation

To examine whether 5-demethylnobiletin exhibits anti-

atherogenic activity, we started with investigating its effect

on gene expression associated with the extent of monocyte-

to-macrophage differentiation [48]. THP-1 cells were

pretreated with noncytotoxic concentration of 5-demethyl-

nobiletin or the vehicle, followed by PMA (30 nM) exposure

for 24 h. The mRNA expression of differentiation marker

CD11b, and the SRs CD36, SR-A, and LOX-1, was measured

by RT-Q-PCR normalized to the level of GADPH and is

shown in Fig. 2. CD11b expression was increased by

5.670.6-fold when THP-1 monocytes were treated with

PMA (30 nM) for 24 h (Fig. 2A). Addition of 5-demethylno-

biletin (5–20 mM) in combination with PMA did not appre-

ciably alter CD11b mRNA expression. THP-1 monocytes

exhibited very low level of LOX-1 mRNA and the addition of

PMA (30 nM) induced a more than 1000-fold increase after

24 h incubation (Fig. 2B). Treatment of THP-1 cells with 5-

demethylnobiletin (10–20 mM) attenuated PMA-induced

LOX-1 expression by �45% as compared with PMA-treated

cells (po0.01).

Similarly, THP-1 monocytes exhibited low levels of CD36

and SR-A mRNA, whereas PMA-treated cells induced their

expression �10- and �400-fold, respectively. THP-1 cells

treated with 5-demethylnobiletin (5–20 mM) significantly

repressed PMA-stimulated CD36 and SR-A mRNA expres-

sion dose dependently. The addition of 20 mM 5-demethyl-

nobiletin almost completely abolished PMA-induced CD36

expression (po0.01).

Our next approach was to examine whether 5-demethyl-

nobiletin could block modified LDL uptake associated with

monocyte differentiation. THP-1 monocytes were pretreated

with vehicle or indicated concentration of 5-demethylnobi-

letin for 30 min prior to exposure to PMA (30 nM) for 24 h.

These cells were then incubated with DiI-acLDL (10mg/mL)

for additional 24 h. Accumulation of DiI-acLDL into the

cells was observed by fluorescence microscopy (vehicle of

Fig. 3A). Addition of 5-demethylnobiletin (5-demethyl NOB,

5 and 10 mM) significantly decreased PMA-induced acLDL

uptake. To better quantitate the fluorescence intensity of

each cell, flow cytometry was employed as described in

Section 2. Figure 3B shows that 5 and 10 mM 5-demethyl-

nobiletin compatibly inhibited DiI-acLDL uptake by about

50%.

We further investigated the structure–activity relation-

ship of citrus flavonoids in the inhibition of PMA-induced

gene expression and SR activity by comparing current data

with those of permethoxylated and dihydroxylated PMFs,

NOB, and 30,40-didemethylnobiletin published previously

[31]. Supporting Information Table 2 summarizes that NOB

decreased only the expression of PMA-induced LOX-1; on
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the other hand, 30,40-didemethylnobiletin significantly

reduced those of SRs and only modestly attenuated that of

CD11b. The expression levels of CD36, SR-A, and LOX-1 in

20 mM 30,40-didemethylnobiletin-treated cells are relatively

low, close to those of monocytes. In addition, the inhibitory

activities of 30,40-didemethylnobiletin and 5-demethylnobi-

letin on DiI-acLDL uptake are compatible and better than

that of NOB. These results suggest that the presence of

hydroxyl group might be important in enhancing inhibitory

activity of PMF against PMA-induced gene expression in

THP-1 cells.

3.2 Effects of 5-demethylnobiletin on NF-jB and

AP-1 activation during monocyte-to-macrophage

differentiation

PMA leads to the activation of PKC and subsequently to the

activation of NF-kB and AP-1 in THP-1 cells [49, 50]. Puta-

tive NF-kB- and AP-1-response elements are found in the

promoter region of LOX-1 [51] and the inhibitory effects

of NOB and its demethylated metabolites toward PMA-

induced SR expression are partly associated with the

suppression of NF-kB and AP-1 activation [30]. As a result, it

would be intriguing to investigate whether the attenuation

of NF-kB or AP-1 activation contributes to the inhibitory

activity of 5-demethylnobiletin toward PMA-stimulated SR

expression.

Figure 4A shows a representative electrophoretic mobility

shift assay (EMSA) gel blot for THP-1 monocytes treated

with PMA (30 nM) or in combination with indicated reagent

for 4 h. It is found that the PMA-enhanced expression of SR

genes was accompanied by a rise of NF-kB DNA-binding

activity in nuclear extracts using a biotin-labeled oligonu-

cleotide containing a consensus binding site. The binding

was specific since it was inhibited with an excess of unla-

beled, identical oligonucleotides, and was absent from the

nuclear extract of nonstimulated cells (vehicle). However,
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Figure 2. Effect of 5-demethyl-

nobiletin on the mRNA expres-

sion of CD11b, LOX-1, CD36,

and SR-A during monocyte-to-

macrophage differentiation.

THP-1 monocytes were treated

with vehicle (0.1% DMSO) or 5-

demethylnobiletin for 30 min

prior to 30 nM PMA addition

and incubated for 24 h. Total

cellular RNA was prepared and

the expression of mRNA was

analyzed as described in

Section 2. The data were

normalized with reference to

the expression levels of the

corresponding GAPDH mRNAs.

Data represent mean ratio7
SEM of three independent

experiments relative to the

value of the vehicle. �po0.05

and ��po0.01 represent signif-

icant differences compared

with vehicle plus PMA.
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stimulation cells with PMA for 2 h could not activate NF-kB

DNA-binding activity (data not shown). This result is in

accordance with the report that PMA induction of NF-kB

requires 2–4 h of stimulation and peaks at 4 h in THP-1

cells [52]. PMA-stimulated NF-kB activation was only

modestly attenuated by 20–30% by 5-demethylnobiletin,

whereas it was strongly inhibited by 40–90% by positive

control, 30,40-didemethylnobiletin. Figure 4B also shows that

stimulation of THP-1 cells with PMA (30 nM) for 4 h slightly

stimulated nuclear AP-1-binding activity because AP-1-DNA

complexes formed into two smear bands in the representa-

tive EMSA gel blot. In contrast to NF-kB activation, the

PMA-stimulated AP-1 activation was inhibited more

evidently by 5-demethylnobiletin than by 30,40-dide-

methylnobiletin.

3.3 Effects of 5-demethylnobiletin on MAPKs and

PKC activation during monocyte-to-macrophage

differentiation

NF-kB and AP-1 activation occurs in different cell

types in response to a variety of agents (e.g. TNF-a, PMA,

and LPS), which also play important roles in the activation

of MAPKs [53–55]. The impact of 5-demethylnobiletin

on the activation of ERK, JNK, and p38 MAPK was

thus studied. We pretreated THP-1 cells with vehicle,

5-demethylnobiletin, 30,40-didemethylnobiletin, or nobiletin

for 30 min and then stimulated them with PMA (30 nM)

for 2 h. The total cell lysates obtained were subjected to

Western blot analysis to detect both inactive and

activated forms of ERK1/2, JNK1/2, and p38 MAPK, using

specific antibodies. Figure 5A and B shows that phos-

phorylated forms of ERK1/2, JNK1/2, and p38 MAPK were

all increased by PMA, whereas their respective total protein

levels remained unchanged. Exposure to citrus flavonoids

markedly suppressed PMA-induced phosphorylation of
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Figure 4. Effect of 5-demethylnobiletin on the activation of NF-kB

(A) and AP-1 (B). THP-1 monocytes were incubated with the

indicated agent or vehicle (0.1% DMSO, v/v) for 30 min, stimu-

lated with PMA (30 nM), then and collected after 4 h. Nuclear

extracts were prepared and NF-kB and AP-1 activities were

analyzed by EMSA as described in Section 2.
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JNK, but had no effect on that of ERK. Among them, 10 and

20 mM 5-demethylnobiletin suppressed JNK phosphoryla-

tion to the level of vehicle-treated monocytes, whereas 10

and 20 mM 30,40-didemethylnobiletin and 20 mM NOB

strongly blocked JNK activation to much lower levels. The

effect of citrus flavonoids on p38 MAPK activation is

distinct. The activation of p38 was further enhanced by

5-demethylnobiletin (10 and 20mM). However, it was

attenuated by NOB (10 and 20mM) and 30,40-didemethylno-

biletin (20 mM).

PMA is a structural analogue of diacylglycerol that activates

PKC directly both in vivo and in vitro. Activation of PKC results

in the translocation of PKC from the cytosol to the membrane

as well as in the phosphorylation of substrate proteins [56]. It

is known that PKC activity is required for induction of CD36

by PMA, as well as by PPARg and RXR ligands [57]. To

investigate whether 5-demethylnobiletin interferes with PKC

signaling pathways, THP-1 cells were first treated with indi-

cated reagent for 30 min and then stimulated with PMA

(30 nM) for 2 h. The cell lysates were prepared and subjected

to PKC activity analysis as described in Section 2. Figure 5C

shows that treatment of THP-1 monocytes with PMA (30 nM)

for 2 h significantly enhanced PKC activity (po0.01). This

induction was significantly inhibited by 5-demethylnobiletin

(10mM) and 30,40-didemethylnobiletin (10 and 20mM) but not

by NOB. The above data demonstrate that 5-demethylnobiletin

and 30,40-didemethylnobiletin partially inhibit PKC and JNK1/

2 signaling pathways and the activation of nuclear NF-kB and

AP-1, which in turn regulate the expression of SRs in PMA-

treated THP-1 cells.

3.4 Role of 5-demethylnobiletin in inhibiting foam

cell formation in THP-1-derived macrophages

The differentiation of monocytic THP-1 cells into adherent

macrophages was achieved by treatment with PMA

(200 nM) for 3 days. Cells were then changed to PMA-free

medium containing the indicated concentration of 5-deme-

thylnobiletin or control vehicle and cultured for 48 h prior to

incubation with DiI-modified LDL (10 mg/mL) for additional

24 h. Flow cytometry analysis demonstrated that the addi-

tion of 5-demethylnobiletin (up to 20 mM) exhibited a dose-

dependent decrease in DiI-acLDL (Fig. 6A) and DiI-oxLDL

uptake (Fig. 6B) by up to 29.8 and 43.0%, respectively, in

THP-1-derived macrophages.

To delineate the molecular mechanism by which

5-demethylnobiletin attenuated modified LDL uptake in

THP-1-derived macrophages, CD36 and SR-A gene expres-

sion was determined, because together these two receptors

account for 75–90% of the uptake and degradation of acLDL

and oxLDL in macrophages [58]. THP-1-derived macro-

phages were treated with indicated concentration of

5-demethylnobiletin in the presence or absence of oxLDL

(25 mg/mL) for 48 h. The mRNA was then prepared and RT-

Q-PCR was performed as described in Section 2. Figure 7

shows that in the absence of oxLDL, neither CD36 nor SR-A

transcript was altered by the treatment of 5-demethylnobi-

letin. In the presence of oxLDL, the expression of CD36 was

induced by 1.3-fold as compared with vehicle control and the

addition of 5-demethylnobiletin (10–20 mM) strongly inhib-

ited oxLDL-stimulated CD36 expression by 46.6–57.3%. On

the other hand, SR-A expression was not appreciably

enhanced by oxLDL [59]; nevertheless, 5-demethylnobiletin

(10–20 mM) could significantly attenuate SR-A expression by

29.8–39.5% in the presence of oxLDL.

We further compared current findings with those of

previously reported for NOB and 30,40-didemethylnobiletin

[31] and summarized in Supporting Information Table 3.

These three citrus flavonoids inhibited oxLDL uptake in

macrophages dose dependently and the potency increased in

the order of NOB, 5-demethylnobiletin, and 30,40-dide-

methylnobiletin. However, the molecular mechanism that

underlies the inhibitory effects of NOB and 30,40-dide-

methylnobiletin seems to differ from that of 5-demethylno-

biletin. Both NOB and 30,40-didemethylnobiletin are capable

of inhibiting CD36 and SR-A mRNA expression in the

absence of oxLDL, whereas 5-demethylnobeiletin cannot.

3.5 Effect of 5-demethylnobiletin on LDLR activity

and expression in HepG2 cells

The LDLR is responsible for transporting cholesterol-

containing lipoprotein particles from the circulation into

cells and is expressed predominantly in liver. The expression

of LDLR regulates plasma LDL cholesterol homeostasis [11].

It was reported that citrus flavonoids naringenin, hesper-

etin, and NOB upregulated activity and expression of LDLR

in HepG2 cells [24, 26]. To investigate whether 5-deme-

thylnobiletin would also change the cholesterol home-

ostasis, we first evaluated its effect on LDLR activity in

HepG2 cells. It is found that 5-demethylnobiletin and NOB,

the positive control, elevated DiI-LDL uptake remarkably as

shown by fluorescence microscopy (Fig. 8A). Flow cyto-

metry analysis was then employed to quantitate the LDLR

activity of treated HepG2 cells. Figure 8B shows that NOB

and 5-demethylnobiletin enhance 1.3- and 1.5-fold LDL

uptake, respectively, compared with vehicle control.

To investigate whether the increased LDLR binding activity

was related to the enhanced gene expression, LDLR mRNA

expression was analyzed by RT-Q-PCR. Figure 9A shows that

both NOB and 5-demethylnobiletin exhibited an inverted-U

dose–response induction [24], with peak induction of 3.9- and

3.3-fold of control (po0.01) at 10mM, respectively.

3.6 Effect of 5-demethylnobiletin on HMG-CoA

reductase mRNA expression

The expression of LDLR and HMG-CoA reductase, the key

enzyme of cholesterol biosynthesis pathway, was regulated
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predominantly at the transcriptional level through a nega-

tive feedback control by the intracellular cholesterol. The

control is through the interaction between the sterol-regu-

latory element (SRE) in the promoter and SREBP [60].

Citrus flavonoids, hesperetin, and NOB have been reported

to stimulate SRE-containing LDLR promoter activity [24],

and as a result, it would be plausible that 5-demethylnobi-

letin may also affect the mRNA expression of HMG-CoA

reductase. Figure 9B shows that HepG2 cells incubated with

NOB and 5-demethylnobiletin enhanced HMG-CoA reduc-

tase mRNA expression with a similar inverted-U dose

response as described above for LDLR expression (Fig. 9A).

A total of 10mM NOB and 5-demethylnobiletin significantly

induced HMG-CoA reductase mRNA expression by 3.2- and

2.8-folds, respectively, (po0.01).

3.7 Effect of 5-demethylnobiletin on SREBP-2

processing

Given that the expression of two SREBP-2 target genes

(LDLR and HMG-CoA reductase) responded similarly to

changing concentration of NOB and 5-demethylnobiletin

(Fig. 9A and B), we sought more direct evidence that this

effect was mediated by SREBP-2 transcription factor. Since

the IgG-1C6 anti-SREBP-2 antibody binds to the C-terminus
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Figure 5. Effects of 5-deme-

thylnobiletin, 30,40-didemethyl-

nobiletin, and NOB on the

activation of ERK1/2, JNK, and

p38 MAPK and PKC in PMA-

stimulated THP-1 monocytes.

THP-1 monocytes were incu-

bated with the indicated agent

or vehicle (0.1% DMSO, v/v) for

30 min and then stimulated

with PMA (30 nM) for

2 h. Specific phospho-MAPK

proteins were detected in

whole-cell lysates by Western

blot. Probing for ERK1/2, JNK,

and p38 served as an internal

loading control (A). Data points

that represent the normalized

intensities of phosphorylated

MAPKs (p-MAPKs) versus

nonphosphorylated MAPKs are

presented as mean ratio7SEM

of three independent experi-

ments relative to the value of

vehicle plus PMA (B). PKC

activity in the samples was

analyzed by a nonradioactive

PKC activity assay kit (Enzo Life

Sciences) (C). Data represent

mean7SEM of three indepen-

dent experiments. �po0.05 and
��po0.01 represent significant

differences compared with

vehicle plus PMA.
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[61], it detects the C-terminal cleavage product, giving an

indication of SREBP-2 processing [62]. Figure 9C shows the

immunoblot assay of C-terminal cleavage product of

SREBP-2 protein (�62 kDa) in total HepG2 cell lysates. We

found that NOB and 5-demethylnobiletin (10 mM) signifi-

cantly increased SREBP-2 cleavage as compared with

normal vehicle. In addition, we assessed the level of nuclear

mature SREBP-2 with another antibody that recognizes the

amino-terminal transcription factor domain. It was found

that NOB and 5-demethylnobiletin (10 mM) increased the

content of mature SREBP-2 protein (�68 kDa) in HepG2

nucleus (Fig. 9D).

3.8 Effect of 5-demethylnobiletin on DGAT2 mRNA

expression in HepG2 cells

The availability of lipid, particularly triacylglycerols, is widely

accepted as a major contributing factor in the regulation of

apoB-containing lipoprotein assembly and secretion in

HepG2 cells [63]. To investigate whether 5-demethyl-

nobiletin might affect triacylglycerol biosynthesis, the mRNA
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intensity. Results are presented as mean7SEM of three inde-
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indicated concentration of 5-demethylnobiletin in the presence

or absence of oxLDL (25mg/mL) for 48 h. Total cellular RNA was

prepared and the expression of mRNA was analyzed as descri-

bed in Section 2. The data were normalized with reference to the

expression levels of the corresponding GAPDH mRNAs. Data
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expression of the key enzyme, DGAT2, was analyzed. Figure

9E shows that NOB and 5-demethylnobiletin inhibited

DGAT2 expression by about 30–45%.

4 Discussion

Citrus flavonoids are hypothesized to reduce the occurrence

of coronary heart disease through their ability to reduce

plasma cholesterol concentrations and inhibit macrophage-

derived foam cell formation [26–28]. In this study, we first

used PMA-stimulated THP-1 cells as a model to study the

effect of 5-demethylnobiletin on gene expression associated

with macrophage differentiation. Noncytotoxic concentration

of 5-demethylnobiletin (up to 20mM) could significantly

reduce the transcripts of SRs, LOX-1, SR-A, and CD36, in a

dose-dependent manner (Fig. 2B–D). However, the expres-

sion of adhesion molecule CD11b, which plays an important

role in monocyte adherence to endothelial cell [64], was not

altered (Fig. 2A). This result indicates that PMA-induced

expression of CD11b and SRs is differentially regulated by

5-demethylnobiletin. As a result, 5-demethylnobiletin may be

potent in preventing SR-mediated modified LDL uptake

rather than in reducing CD11b-dependent monocyte

recruitment in atherogenesis. Indeed, treatment of THP-1

cells with 5-demethylnobiletin (5–10mM) during differentia-

tion dose dependently reduced PMA-stimulated uptake of

acLDL (Fig. 3B) and this effect may result from the combined

decrease in SR-A and CD36 expression (Fig. 2C and D).

With regard to other structure-relevant PMFs, it was

found that NOB, a permethoxylated PMF, suppressed only

the expression of LOX-1 but had no effect on that of CD11b

or SR-A in PMA-treated THP-1 cells. On the other hand,

30,40-didemethylnobiletin, a dihydroxylated PMF, strongly

reduced expression of CD11b and SRs during macrophage

differentiation. Furthermore, PMA-stimulated DiI-acLDL

uptake was also significantly attenuated by 30,40-dide-

methylnobiletin, but only modestly inhibited by NOB

(Supporting Information Table 2). These data indicate that

the hydroxyl groups of PMF may play a vital role in down-

regulation of PMA-induced SR expression and activity so

that demethylated PMFs exert stronger suppressive effect

than its permethoxylated counterpart.

Both NF-kB and AP-1 are PMA-inducible nuclear factors

[65]. AP-1 is a dimeric complex composed of members of the

Fos and Jun proteins [66]. AP-1 binding sites are found in

the 50 flanking regions of LOX-1 [51] and SR-A [67]. NF-kB

binding site-like sequences also exist in LOX-1 [51] and

CD36 [68] genes and NF-kB activation is implicated in the

regulation of gene expression crucial for progression of

atherogenesis [69]. Previous studies have suggested that

AP-1 and NF-kB have a critical role in PMA-induced SR

expression [30]; in agreement, we found that PMA increased

the DNA-binding activity of both AP-1 and NF-kB in EMSA

experiment. With respect to PMA-induced AP-1 and

NF-kB activation, 5-demethylnobiletin (10 and 20 mM) was
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Figure 8. Effects of NOB and 5-demethylnobiletin on LDLR
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as described in Section 2. The data were normalized with reference to the expression levels of the corresponding GAPDH mRNAs. Data

represent mean ratio7SEM of three independent experiments relative to the value of vehicle control. �po0.05 and ��po0.01 represent

significant differences compared with vehicle control (A, B, and E). Total cell lysates of 30 mg protein per sample were used to detect the

C-terminal fragment of the cleavage SREBP-2 (�62 kDa) by Western blotting with the IgG-1C6 anti-SREBP-2 antibody. Probing for

a-tubulin served as an internal loading control. Data points that represent the normalized intensities of C-terminus of SREBP-2 versus

a-tubulin are presented as mean ratio7SEM of three independent experiments relative to the value of vehicle control. ��po0.01 repre-

sents significant difference compared with vehicle control (C). Nuclear extracts of 30 mg protein per sample were used to detect the mature

form of SREBP-2 (�68 kDa) with the anti-SREBP-2 (amino acids 455–469) antibody. Probing for histone deacetylase 2 (HDAC2) served as an

internal loading control. Data points that represent the normalized intensities of N-terminus of SREBP-2 versus HDAC2 are presented as

mean ratio7SEM of three independent experiments relative to the value of vehicle control. �po0.05 and ��po0.01 represent significant

differences compared with vehicle control (D).
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found to downregulate the former more effectively, but

produce modest effect on the latter. On the other hand, the

positive control, 30,40-didemethylnobiletin, exerted effective

effect on both nuclear factors (Fig. 4). In parallel with the

reduction in SR transcript, current data suggest that

5-demethylnobiletin exerted its anti-SR expression via
NF-kB- and AP-1-dependent pathways.

The MAPKs are a family of second messenger kinases that

are essential for transferring signals from the cell surface to

the nucleus. ERK, JNK, and p38 MAPK-mediated signaling

pathways have been associated with AP-1 [70–72] and NF-kB

activation. PMA, a direct activator of PKC, is a strong MAPK

stimulator [73, 74]; in agreement, we found that PMA

stimulated marked activation of ERK1/2, JNK1/2, and p38

MAPK (Fig. 5A). 5-Demethylnobiletin, 30,40-didemethylnobi-

letin, and NOB inhibited the PMA-induced phosphorylation

of JNK1/2 but not ERK (Fig. 5A). However, their effects on

the phosphorylation of p38 MAPK did not correlated with

those of NF-kB, AP-1 activities, or SR expression. Further-

more, 5-demethylnobiletin and 30,40-didemethylnobiletin, but

not NOB, were able to significantly inhibit PMA-induced

PKC activity (Fig. 5C). These results suggested that 5-deme-

thylnobiletin interferes with PKC and JN signalings, which

might affect activation of NF-kB and AP-1 and subsequent SR

expression in PMA-induced THP-1 cells.

We further questioned whether 5-demethylnobiletin also

inhibited foam cell formation in THP-1-derived macro-

phages. Figure 7 shows that 5-demethylnobiletin does not

change the basal expression of CD36 or SR-A in macro-

phages. This result differed from those of NOB and

30,40-didemethylnobiletin, which could downregulate mRNA

level of SRs in THP-1-derived macrophages (Supporting

Information Table 3) [31]. When THP-1-derived macro-

phages were treated with oxLDL (25 mg/mL), only CD36, but

not SR-A, was upregulated. This result coincides with that

by Tsukamoto et al. [59], who reported that SR-A expression

was not changed during foam cell formation. 5-Demethyl-

nobiletin significantly repressed SR-A and CD36 mRNA

expression in THP-1-derived macrophages which were

coincubated with oxLDL (Fig. 7).

5-Demethylnobiletin, 30,40-didemethylnobiletin, and NOB

markedly inhibited both DiI-modified LDL uptake in THP-1-

derived macrophages in a dose-dependent manner (Fig. 6

and Supporting Information Table 3). Among these three

PMFs, 30,40-didemethylnobiletin appears to be the most

potent followed by 5-demethylnobiletin and NOB. Due to

the lack of strong correlation between the mRNA expression

(Fig. 7) and the activity (Fig. 6) of SRs, we conclude that the

attenuation of modified LDL uptake in THP-1-derived

macrophages may not be caused by mere downregulation of

SRs; it is likely that these PMFs function as downstream of

SR ligand binding as well.

To investigate the potential hypolipidemic effect of

5-demethylnobiletin, we first studied its effect on LDLR

activity in HepG2 cells. It is well known that DiI-LDL uptake

activity was reduced in the presence of unlabelled LDL [75];

as a result, serum-free or LDL-free medium was employed

during the uptake analysis [44]. Fluorescence microscope

(Fig. 8A) and flow cytometry (Fig. 8B) provide live-cell

imaging and numeric data of increased DiI-fluorescence

intensity in both NOB- and 5-demethylnobiletin-treated

HepG2 cells, indicating that they are potent to augment

LDLR activity.

We next examined whether LDLR mRNA levels were

affected by 5-demethylnobiletin. It has been suggested that

to ensure basal levels of SREBP available to mediate flavo-

noid action, the cells should remain in normal medium [24].

RT-Q-PCR data revealed that NOB and 5-demethylnobiletin

(10mM) stimulated LDLR expression by more than three-

fold as compared with vehicle control (Fig. 9A). This result

is similar to that by Morin et al. [24], who reported that NOB

upregulated LDLR expression with compatible potency and

efficacy by SRE-mediated reporter analysis.

In addition to LDLR, cholesterol balance is also main-

tained in the cells by sterol-mediated feedback repression of

several other genes including HMG-CoA reductase, which is

involved in the synthetic pathway of cholesterol. The

mechanism for this dual regulation is through the control of

SREBPs [60]. NOB and 5-demethylnobiletin were found

strongly upregulated HMG-CoA reductase gene expression

with a similar hormetic dose response as for LDLR expres-

sion (Fig. 9) and increased the level of C-terminal cleavage

product of SREBP-2 in total cell lysates (Fig. 9C), in conju-

gation with enhanced level of nuclear amino terminus of

SREBP-2 (Fig. 9D). These results indicate that the proces-

sing of SREBP-2, a common transcriptional factor for LDLR

and HMG-CoA reductase, was activated by NOB and

5-demethylnobiletin.

Hypertriglyceridemia plays a crucial role in the develop-

ment of atherosclerosis and a major contributor is the

hepatic overproduction of VLDL [14]. The final and the only

committed step in the biosynthesis of triacylglycerols is

catalyzed by DGAT enzymes. In this research, we showed,

for the first time, that NOB and 5-demethylnobiletin

inhibited DGAT2 mRNA expression significantly. As a

consequence, enhanced LDLR and reduced DGAT2

expression, together with the previous findings of reduced

activity and expression of acyl CoA: cholesterol acyl-CoA:

cholesterol acyltransferase and microsomal triglyceride

transfer protein [26], might be associated with the hypoli-

pidemic properties of the citrus flavonoids.

In conclusion, this study investigated, for the first time,

the anti-atherosclerotic action and underlying mechanism of

5-demethylnobiletin in cell-culture system. We found that

there are several mechanisms at work in parallel for the

effect of 5-demethylnobiletin. It attenuates monocyte

differentiation into macrophage and blunts foam cell

formation by downregulating SR expression and activity. In

addition, 5-demethylnobiletin also alters the lipid home-

ostasis in hepatocytes by upregulating LDLR expression

via SREBP-2 activation and by downregulating DGAT2

expression.
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