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子計畫二：川陳皮素(nobiletin)及其代謝產物 3',4'-dihydroxy-5,6,7,8- 

tetramethoxyflavone 對 LDL 氧化及脂泡細胞形成之影響 

子計畫二主持人: 吳明娟 

ABSTRACT 

There is accumulating evidence that LDL oxidation is essential for atherogenesis, 

and antioxidants that prevent oxidation may either decelerate or reduce atherogenesis. 

Current study focused on the effect and mechanism of 3',4'-dihydroxy-5,6,7,8- 

tetramethoxyflavone (DTF), a major metabolite of nobiletin (NOB, a citrus 

polymethoxylated flavone) on atherogenesis. We found DTF had stronger inhibitory 

activity than α-tocopherol on inhibiting Cu2+-mediated LDL oxidation measured by 

thiobarbituric acid-reactive substances assay (TBARS), conjugated diene formation 

and electrophoretic mobility. Monocyte-to-macrophage differentiation plays a vital 

role in early atherogenesis. DTF (10-20 μM) dose-dependently attenuated 

differentiation along with the reduced gene expression of scavenger receptors, CD36 

and SR-A, in both PMA- and oxidized low density lipoprotein (oxLDL)-stimulated 

THP-1 monocytes. Furthermore, DTF treatment of monocytes and macrophages lead 

to reduction of fluorescent DiI-acLDL and DiI-oxLDL uptake. In conclusion, at least 

three mechanisms are at work in parallel: DTF reduces LDL oxidation, attenuates 

monocyte differentiation into macrophage, and blunts uptake of modified LDL by 

macrophage. The effect is different from that of NOB, from which DTF is derived. 

This study thus significantly enhanced our understanding on how DTF may be 

beneficial against atherogenesis.  

Keywords: low-density lipoprotein (LDL); atherogenesis; scavenger receptor A 
(SR-A); CD36 



 
 
 
 
 
 
 
 
 
 
 
 

     

 
INTRODUCTION 

Atherosclerosis is an inflammatory disease characterized by monocyte 

recruitment and cytoplasmic lipid accumulation within cells, leading to lipid-laden 

foam cells beneath the aortic endothelium [1]. Under oxidative stress, both blood 

monocytes and plasma lipoproteins invade the arterial wall, where they are exposed to 

atherogenic modifications [2]. In intima, monocytes were subsequently converted to 

macrophages, which express high level of scavenger receptors that bind modified 

LDL [3]. These processes give rise to the arterial foam cell, a hallmark of the arterial 

lesion [1]. Among the scavenger receptors, CD36, SR-A, and lectin-like oxidized 

LDL receptor-1 (LOX-1) represent the principal receptors in the process of foam cell 

formation [4, 5].  

CD36, an 88-kDa membrane glycoprotein, plays a quantitatively significant role 

in modified LDL binding to macrophages [6]. In addition to binding acetylated LDL 

(acLDL) and oxidatively modified LDL (oxLDL), CD36 binds thrombospondin, 

anionic phospholipids, long-chain fatty acids and collagen [7]. CD36 is highly 

expressed on lipid-laden macrophages in human atherosclerotic aorta [8], possibly as 

a result of a positive feedback loop mediated by oxLDL and its lipid content [9, 10]. 

SR-A is a trimer of 77 kDa that binds to a diverse array of macromolecules including 

modified lipoproteins (acLDL or oxLDL), bacterial surface lipids (endotoxin and 

lipoteichoic acid), proteins modified by advanced glycation (advanced glycation end 

products, AGE), and β-amyloid fibrils [11]. LOX-1, a 50-kDa type II membrane 

glycoprotein, is expressed at very low levels in healthy endothelium but is 

upregulated by oxLDL or proinflammatory cytokines [12]. LOX-1 is also highly 

expressed by macrophages and smooth muscle cells in the intima of human carotid 

atherosclerotic plaques [13]. The natural ligand of LOX-1 is oxLDL, but not acLDL 



 
 
 
 
 
 
 
 
 
 
 
 

     

[14]. The direct evidences of the involvement of scavenger receptors in 

atherosclerosis have been demonstrated using knockout mice [15-20] and these 

findings suggest that CD36, SR-A and LOX-1 play pro-atherogenic roles in vivo. 

The oxidative hypothesis of atherosclerosis development has attracted extensive 

investigation of a possible preventive role of antioxidants [21, 22]. Dietary 

antioxidants, such as α-tocopherol or polyphenolics, not only protect LDL from 

oxidation but also reduce the development of atherosclerotic lesions [23-26]. Lots of 

studies have described their anti-atherogenic effects attributed to down-regulation of 

scavenger receptor gene expression in addition to antioxidant activities [26-30].  

Strong in vivo [31, 32] evidence now exists to indicate that citrus flavonoids 

could reduce the occurrence of cardiovascular disease. In vitro data have 

demonstrated that these citrus flavonoids could reduce hepatic production of 

cholesterol containing lipoproteins [33] and induce hepatic LDL receptor gene 

transcription [34], and hence decrease total plasma cholesterol concentrations. In 

addition to the noted cholesterol lowering potential, it was reported that nobiletin 

(NOB, 5,6,7,8,3',4'-hexamethoxyflavone, Figure 1), a citrus polymethoxylated 

flavone, also attenuated scavenger receptor expression in PMA-induced THP-1 cells 

[35] and inhibited SR-A-mediated metabolism of acLDL in J774A.1 macrophages 

[36]. The di-demethylated metabolite of NOB, 3',4'-dihydroxy-5,6,7,8- 

tetramethoxyflavone (DTF, 3',4'-didemethylnobiletin; Figure 1), was found to exhibit 

stronger anti-inflammatory [37, 38] and anti-monocyte differentiation effects than its 

parent compound [39].  

In this research, we aim to better understand the possible antiatherogenic effects 

and mechanisms of DTF in several aspects: (1) Cu2+-induced LDL oxidation; (2) 

monocyte-to-macrophage differentiation; and (3) foam cell formation. The extent of 



 
 
 
 
 
 
 
 
 
 
 
 

     

Cu2+-induced LDL oxidation was studied by measuring the formation of conjugated 

dienes [40], and various aldehydic products (thiobarbituric acid-reactive substances, 

TBARS) [41] as well as changes of the electrophoretic mobility of apoB100 [42]. 

Monocyte-to-macrophage differentiation was investigated using THP-1 monocytes 

treated with PMA (30 nM) alone or PMA (1.6 nM) in combination with oxLDL (25 

μg/ml). Foam cell formation was assessed by measuring the expression of scavenger 

receptors and modified LDL uptake in THP-1-derived macrophages. Our results 

clearly demonstrate that the anti-atherogenic effect of DTF is different from that of 

NOB, from which DTF is derived. There are at least three mechanisms at work in 

parallel for the effect: DTF reduces LDL oxidation, attenuates monocyte 

differentiation into macrophage, and blunts uptake of modified LDL by macrophages.  

MATERIALS AND METHODS 

Materials. Nobiletin (NOB) and 3',4'-dihydroxy-5,6,7,8-tetramethoxyflavone 

(DTF, 3',4'-didemethylnobiletin) were purified and synthesized as described before 

[38]. The RPMI 1640 medium, PMA (phorbol 12-myristate 13-acetate) and other 

chemicals were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA) unless 

otherwise stated. Fetal bovine serum was from Hyclone (Logan, UT, USA). 

1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanide perchlorate (DiI) was from 

Invitrogen Life Technologies (Carlsbad, CA, USA).  

Preparation and oxidation of LDL. LDL (d 1.019–1.063) was prepared from 

the plasma of healthy donors by sequential ultracentrifugation [43]. Lipoprotein was 

desalted and concentrated by ultra-filtration (Centricon 4, Amicon, Beverly, MA) 

against PBS at 450 × g, 4oC for 120 min. The protein concentration was measured by 

the method of Bradford [44], using bovine serum albumin as a standard. 

OxLDL was prepared by incubation of LDL (0.2 mg of LDL protein/ml) with 10 



 
 
 
 
 
 
 
 
 
 
 
 

     

μM Cu2+ in PBS at 37°C for 24 h followed by addition of 0.24 mM EDTA. The 

degree of LDL oxidation was determined by measurement of TBARS formation as 

described below. Lipoproteins for cell culture were sterilized by filtration through a 

0.45 μm pore size filter (Gelman Sciences, Ann Arbor, MI) and stored at 4oC. 

Biochemical markers of lipid peroxidation.  

Conjugated diene formation: Oxidation of LDL is accompanied by an increase 

in absorbance at 234 nm, due to the formation of conjugated dienes in constituent 

polyenoic fatty acids [45]. The quantity of conjugated dienes in LDL was assessed by 

monitoring the change at A234 at indicated time point [40].  

Thiobarbituric acid-reactive substances (TBARS) formation: The formation of 

TBARS was determined based on the reaction of one molecule of malondialdehyde 

(MDA) with two molecules of thiobarbituric acid (TBA) to form a TBA-MDA adduct. 

The TBARS concentration was measured at 532 nm and expressed as MDA 

equivalents [46].  

Electrophoresis of LDL: The electrophoresis mobility of LDL was used as an 

indication of protein oxidation and was measured using agarose gel. The Cu2+ 

mediated oxLDL was concentrated by ultra-filtration (Microcon YM-3, Amicon). 

About 1-2 μL of each concentrated sample was loaded onto Titan Lipoprotein Gel 

(Helena Laboratories, Beaumont, TX, USA) and run at 80 V for 45 min. Gel was then 

dried and stained with Fat Red 7B according to the manufacturer’s instructions. 

Relative electrophoretic mobility (REM) was calculated as the mobility of oxLDL 

relative to that of native LDL (nLDL). 

Cell culture. 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 37oC 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/well) in RPMI-1640 medium supplemented with 30 nM 

of PMA, which is known to induce the maturation of monocytes, or with 1.6 nM of 

PMA together with 25 μg of oxLDL [47], as specified in each experiment for 24 h.  

To prepare THP-1-derived macrophages, THP-1 monocytes were cultured in 

6-well plates (1 × 106 cells/well) supplemented with PMA (200 nM) for 72 h. 

Non-adherent cells were then removed by washing the wells twice with RPMI.  

mRNA expression of CD11b, SR-A, CD36 and LOX-1. Total cellular RNA 

was prepared using Illustra RNAspin Mini RNA Isolation Kit (GE Healthcare, 

Buckinghamshire, UK). Reverse-transcription was carried out using 1 μg RNA and 

High-Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA, USA). 

Quantitative PCR was performed with 2 μL cDNA obtained above in 25 μL 

containing 200 nM primers using iTaq™ SYBR Green Supermix with ROX (BioRad, 

Hercules, CA, USA). The primer sequences for GAPDH, CD11b and scavenger 

receptors were deduced from PrimerBank [48] and listed in Table 1. Amplification 

was conducted in an ABI Prism 7300 sequence detection system. PCR conditions 

were as follows: 95 °C for 2 min, 40 cycles at 95 °C for 15 s, and 60 °C 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 GAPDH in 

the same samples.  

CD36 and SR-A phenotypic expression. Phenotypic expression of CD36 and 

SR-A were quantified by flow cytometry (FACScan, BD Biosciences, San Jose, CA, 



 
 
 
 
 
 
 
 
 
 
 
 

     

USA). For detection of CD36 expression, cells (1 × 106) were resuspended in 100 μL 

PBS. Twenty μl fluorescein (FITC)-conjugated murine anti-human CD36 (clone 

FA6.152, Immunotech, Beckman Coulter, Fullerton, CA, USA) was added and 

incubated on ice for 60 min before washing twice with PBS. For detection of SR-A 

expression, cells (5×105) were resuspended in 100 μL PBS. Ten μL mouse anti-human 

SR-A/MSR1 antibody (25 μg/mL, clone 351615, R&D Systems, Minneapolis, MN, 

USA) was added and incubated at room temperature for 60 min. Cells were washed 

twice with PBS and then resuspended in 200 μL PBS. Ten μl FITC-labelled goat 

anti-mouse IgG antibodies (10 μg/mL, R&D Systems) were then added and incubated 

on ice for 60 min before washing twice with PBS. These cells were investigated in 

duplicates by flow cytometry (FACScan, BD Biosciences, San Jose, CA, USA). Data 

were acquired from 10,000 cells (events), and the fluorescent intensity was 

determined and expressed as the geometric mean fluorescence intensity (MFI). 

Preparation of DiI-oxLDL and DiI-acLDL. LDL was incubated overnight at 

37oC under nitrogen and light protection with 50 μL of DiI (3 mg/ml in DMSO) for 

each milligram of LDL protein. The LDL must be labeled before acetylation or 

oxidation [49]. For preparation of DiI-oxLDL, DiI-LDL (0.1 mg/ml) was incubated 

with 10 μM Cu2+ in PBS at 37oC in dark for 18 h [30]. Unbound dye and copper ions 

from the oxidation step described above which would otherwise be toxic to the cells 

were removed by passing through Sephadex G-25 (GE Healthcare). For preparation of 

DiI-acLDL, the method of Basu et al. [50] was employed. Unbound dye and acetate 

from acetylation step were then removed by passing through Sephadex-G25. Protein 

concentration of elute was determined by Bradford [44]. All lipoprotein preparations 

were stored at 4°C in sterile containers after filtration sterilization (0.45 μm).  

Modified LDL uptake measurement by flow cytometry and fluorescent 



 
 
 
 
 
 
 
 
 
 
 
 

     

microscopy. DiI-oxLDL or DiI-acLDL (10 μg/ml) was added into THP-1 monocytes 

or THP-1-derived macrophages 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) using the FL2 emission filter. Data 

were acquired from 15,000 cells (events), and the DiI-oxLDL or DiI-acLDL uptake 

was determined and expressed as the geometric mean fluorescence intensity (MFI).  

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

in parameters measured between in the presence and absence of test substances. The 

level of significance was set at p<0.05. All experiments have been performed at least 

three times. 

RESULTS 

Inhibition of LDL oxidation by DTF. It is recognized that oxidative modified 

low density lipoproteins (oxLDL) play an important role in the generation and 

progression of the atherosclerotic plaque [51]. When LDL is oxidized by radical 

generating substances or by Cu2+ ions, three consecutive phases of the reaction, 

naming lag phase, propagation phase and the decomposition phase, can be observed in 

kinetic experiments by measuring compositional changes of LDL [52]. As shown in 

the top panel of Figure 2A, incubation of LDL (0.1 mg/mL) with Cu2+ (10 μM) 

resulted in a significant increase in conjugated diene formation, with maximum at 7 h 

oxidation without detectable lag phase. Loading LDL with DL-α-tocopherol (AT, 5 

μM) increased the length of the lag phase to 1 h and therefore delayed onset of 

propagation. In comparison, loading LDL with DTF (5 μM) resulted in distinct kinetic 

conjugated diene formation which exhibited four successive oxidation phases: a 

longer lag phase (3 h), the first propagation phase, an inhibition phase with a 

conjugated diene formation rate slower than in the first propagation phase and the 



 
 
 
 
 
 
 
 
 
 
 
 

     

second propagation phase [53]. However, LDL loaded with nobiletin (NOB) did not 

show significant difference from that of vehicle.  

To better measure the antioxidant activity of DTF, LDL oxidation was performed 

with lower concentration of DTF (0.5 or 1 μM) or higher concentration of AT (10 or 

20 μM) (bottom panel of Figure 2A). The conjugated diene formation of LDL 

supplemented with 1 μM of DTF or 20 μM of AT exhibited five successive phases 

(lag phase, the first propagation phase, an inhibition phase, the second propagation 

phase and a decomposition phase).  

Incubation of LDL (0.1 mg/mL) with Cu2+ (10 μM) at 37oC for 3 h caused 

TBARS formation to increase from 0.95 ± 0.05 to 43.53±1.67 nmol MDA 

equivalent/mg LDL (Figure 2B). DTF treatment produced a dose-dependent 

reduction in TBARS formation, and IC50 was calculated as 1.14 ± 0.03 μM from 

linear regression curve. In parallel to the conjugated diene data, the antioxidant 

potency of DTF was significantly higher than positive control, AT, which had IC50 of 

10.84 ± 0.95 μM. 

To further investigate the protection of DTF towards electronegative charge 

modification of LDL-protein moiety (apoB) induced by Cu2+, agarose gel 

electrophoresis was carried out as described in Materials and Methods. Native LDL 

(nLDL, 0.1 mg/mL) treated with Cu2+ (10 μM) for 3 h increased REM to 3.03 (Figure 

2C). Oxidation of LDL in the presence of 5 μM DTF resulted in decreased REM to 

1.13. On the other hand, LDL treated with 5 μM NOB or AT exhibited less protective 

effect against Cu2+-mediated electronegative charge modification of apoB.  

DTF inhibits monocyte-to-macrophage differentiation. The human monocytic 

cell line THP-1 was used as a model system to analyze gene expresssion and activity 

involved in monocyte-to-macrophage differentiation [54]. To evaluate the maximal 



 
 
 
 
 
 
 
 
 
 
 
 

     

dosages of NOB and DTF could be used in THP-1 monocytes and macrophages, cell 

viability was analyzed using 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium 

(MTT) assay [55]. Our result demonstrates that 50 μM NOB and DTF exhibited 

significant (33~36%) cytotoxicity in THP-1 monocytes after 48 h incubation; while 

lower doses (10 and 20 μM) did not show significant adverse effect. A similar 

phenomenon was observed in THP-1 derived macrophages (data not shown). The 

differentiation-inducing dose of 30 nM PMA and working duration of 24 h was also 

determined in preliminary dose response experiments by analyzing differentiation 

marker CD11b expression and morphology change (data not shown).  

THP-1 monocytes, which were originally in suspension, were treated with 

indicated concentrations of NOB or DTF 30 min prior to the addition of PMA (30 nM) 

for 24 h. The mRNA expression of differentiation marker, CD11b, and the major 

scavenger receptors, naming CD36, SR-A and LOX-1, measured by RT-Q-PCR 

normalized to the level of GADPH is shown in Figure 3. CD11b expression was 

increased by 17.0 ± 1.6 folds when THP-1 monocytes were treated with PMA (30 nM) 

for 24 h (Figure 3A). This is in a good agreement with the well-known theory that 

differentiation of monocytes into tissue macrophages results in an increase in mRNA 

and surface of CD11b/CD18 expression [56]. Addition of DTF (10 and 20 μM) in the 

process of monocyte differentiation dose-dependently inhibited CD11b mRNA 

expression, indicating the differentiation was attenuated. On the other hand, NOB had 

no influence on PMA-stimulated CD11b expression. 

As expected, THP-1 monocytes exhibited very low level of LOX-1 mRNA and 

treated with PMA (30 nM) for 24 h induced more than 1000-fold increase (Figure 

3B). Treatment of THP-1 cells with DTF or NOB strongly attenuated PMA-induced 

LOX-1 expression and the percentage of reduction was 81.4%, 98.8%, 58.9% and 



 
 
 
 
 
 
 
 
 
 
 
 

     

79.4% for 10 μM DTF, 20 μM DTF, 10 μM NOB and 20 μM NOB, respectively, as 

compared with PMA-treated cells (p<0.01). 

The impact of DTF and NOB on CD36 expression during PMA-stimulated 

monocyte differentiation is shown in Figure 3C. THP-1 monocytes exhibited little 

CD36 mRNA expression, while PMA-treated cells increased CD36 expression by 

26.8 ± 0.4 folds. THP-1 monocytes treated with DTF significantly suppressed 

PMA-stimulated CD36 mRNA expression dose-dependently and 20 μM DTF can 

down-regulated CD36 mRNA to the level of monocytes. Surprisingly, NOB induced 

CD36 mRNA expression during THP-1 differentiation.  

Figure 3D further demonstrates the effects of NOB and DTF on SR-A transcript 

expression in THP-1 monocytes treated with PMA (30 nM) for 24 h. It was found that 

PMA induced about 480-fold SR-A mRNA expression and addition of 10 μM and 20 

μM DTF reduced PMA-induced SR-A expression by 56.8% and 98.6%, respectively. 

However, no effect was observed for NOB-treated cells. 

CD36 and SR-A are the principal receptors responsible for the binding and 

uptake of modified LDL in macrophages and together these two receptors account for 

75 to 90% of the uptake and degradation of acetylated and oxidized LDL [57]. We 

thus further studied the effects of NOB and DTF on CD36 and SR-A surface protein 

level using flow cytometry as described in Materials and Methods. Data demonstrated 

that the expression of CD36 and SR-A surface protein increased by 6.3- and 1.9-fold, 

respectively (Figures 3E and F). Addition of 20 μM DTF could significantly reduced 

surface CD36 and SR-A protein expression by 80.5% and 41.8% (p<0.01 and 0.05), 

respectively, as compared with PMA-treated cells. On the other hand, treatment of 

THP-1 cells with NOB or lower dose of DTF did not have significant effect on CD36 

or SR-A surface protein expression.  



 
 
 
 
 
 
 
 
 
 
 
 

     

The LDL particle acquires a number of important biological activities as a result 

of oxidative modification in addition to the ability to bind scavenger receptors. 

OxLDL is both a potent chemoattractant for circulating monocytes and a potent 

inhibitor of resident macrophage motility [58]. Previous studies have indicated that 

oxLDL plays a role in promoting differentiation of monocytes to macrophages [59, 

60]. Recently, it has been reported that treatment of THP-1 monocytes with oxLDL 

plus 1.6 nM of PMA resulted in a dramatic synergistic effect on differentiation as 

compared with oxLDL alone [47]. By RT-Q-PCR analysis, we also observed that in 

the presence of 1.6 nM of PMA, CD36 mRNA expression of THP-1 monocytes 

increased with oxLDL concentration (5-25 μg/ml) (data not shown). mRNA 

transcripts for CD36, SR-A and LOX-1 were increased following cell treatment with 

oxLDL (25 μg/ml) by up to 1.5-, 1.7- and 2.2-fold, respectively, after 24 h culture as 

compared with PMA (1.6 nM) alone (Figure 4). DTF (20 μM) could significantly 

reduce the transcripts of CD36, SR-A and LOX-1 (p<0.01, 0.05 and 0.05, 

respectively). On the contrary, NOB did not exert any detectable inhibitory effect on 

any of the gene expression (data not shown). 

It has been well-known that differentiated monocytes exhibit characteristic 

macrophage activity, i.e., increased cellular uptake of oxLDL. Our next approach was 

to examine whether NOB and DTF could block modified LDL uptake associated with 

monocyte differentiation. THP-1 monocytes were pre-treated with vehicle or 

indicated concentration of NOB or DTF for 30 min prior to exposure to PMA (30 nM) 

for 24 h. These cells were then incubated with DiI-acLDL (10 μg/mL) for 24 h. 

Accumulation of DiI-acLDL into the cytoplasm was observed by fluorescence 

microscopy (vehicle of Figure 5A). Addition of DTF or NOB (10 and 20 μM) 

dose-dependently abolished acLDL uptake. In parallel, flow cytometry (Figure 5B) 



 
 
 
 
 
 
 
 
 
 
 
 

     

shows that 10 and 20 μM DTF inhibited PMA-induced DiI-acLDL uptake by 61.5 and 

86.2%, respectively. Lower concentration of NOB (10 μM) did not affect 

PMA-induced DiI-acLDL uptake, while higher concentration (20 μM) inhibited only 

30.0% uptake.  

Fluorescence microscopy (Figure 5C) also demonstrates that treatment of THP-1 

monocytes with PMA (30 nM) for 24 h stimulated DiI-oxLDL uptake dramatically. In 

parallel, flow cytometry (Figure 5D) revealed PMA increased 25-fold DiI-oxLDL 

uptake as compared with monocytes. Treatment of THP-1 monocytes with DTF and 

NOB (10-20 μM) dose-dependently inhibited PMA-stimulated DiI-oxLDL uptake by 

68.8-88.4% and 26.2-67.3%, respectively.  

DTF inhibits the expression and activity of scavenger receptors in 

THP-1-derived macrophages. THP-1-derived macrophages have been extensively 

used as a model for studies of scavenger receptor expression and foam cell formation 

in response to various agents [61-63]. THP-1 monocytes were first allowed to 

differentiate into adherent macrophages by PMA (200 nM) for 3 days prior to 

exposure to test agent for 48 h. It has been shown that SR-A and CD36 are 

responsible for the preponderance of modified LDL uptake in macrophages and that 

other scavenger receptors do not compensate for their absence [57]. As a consequence, 

we investigated whether DTF or NOB treatment could inhibit foam cell formation by 

focusing on SR-A and CD36 expression and modified LDL uptake. Figure 6 shows 

that the mRNA expression of CD36 and SR-A of THP-1-derived macrophages was 

significantly repressed by DTF in a dose-dependent manner. About 46.1 ± 3.4 and 

12.6 ± 2.8% of CD36 expression was detected in 10 and 20 μM DTF-treated THP-1 

macrophages, respectively, relative to vehicle (Figure 6A). NOB (10-20 μM) was less 

potent and inhibited about 40% of CD36 expression with no clear dose response. 



 
 
 
 
 
 
 
 
 
 
 
 

     

Likewise, SR-A expression in THP-1 macrophages was significantly inhibited by 

DTF (10-20 μM) by 68-92% dose-dependently. NOB inhibited SR-A expression by 

about 55% without dose-response relationship (Figure 6B). 

DiI-oxLDL and DiI-acLDL uptake was studied to determine the effects of NOB 

and DTF on scavenger receptor activity. Fluorescence microcopy of Figure 6C shows 

that the uptake of DiI-oxLDL was highly enhanced in THP-1 macrophages and the 

addition of DTF or NOB significantly reduced the number of fluorescent cells. In 

parallel, flow cytometry of Figure 6D shows that treatment of THP-1 macrophages 

with DTF and NOB (10-20 μM) dose-dependently inhibited DiI-oxLDL fluorescence 

signal by 45-80 and 34-68%, respectively. Similar effect was observed for DiI-acLDL 

uptake into macrophages (Figure 6E). 

DISCISSION 

Oxidative modification of LDL is believed to be an important event in 

atherogenesis [64], and several studies have reported on the antioxidant effect of 

flavonoids, that is, decreasing the susceptibility of LDL to oxidation [65-68]. To study 

the effect of 3',4'-dihydroxy-5,6,7,8-tetramethoxyflavone (DTF), as antioxidants in 

preventing copper-induced oxidation of LDL, three different approaches were 

employed to measure changes in parameters known to be associated with LDL 

oxidation: formation of conjugated dienes and thiobarbituric acid reactive substances 

(TBARS) during lipid peroxidation, as well as increase in the electrophoretic mobility 

of LDL due to apolipoprotein B100 modification [69]. In agreement with previous 

study [53], we found that artificial enhancement of antioxidant defenses by increasing 

α-tocopherol (AT) concentration (from 5 to 20 μM) invariably made LDL more 

resistant to peroxidative modifications as extended lag phase shown in Figure 2. Both 

LDL loaded with AT (20 μM) or DTF (1 μM) showed five successive oxidation 



 
 
 
 
 
 
 
 
 
 
 
 

     

phases: lag phase, the first propagation phase, an inhibition phase, the second 

propagation phase, and a decomposition phase. It has been suggested that the delayed 

onset of the second propagation (Figure 2) may reflect the chain-breaking activity of 

ΑΤ to halt the progression of lipid peroxidation and the second inhibition phase is a 

period where ΑΤ is being consumed via peroxyl radical scavenging [53]. 

Consequently, a rise in the second inhibition phase for LDL enriched with ΑΤ (shown 

in bottom panel of Figure 2A) may be due to lipid hydroperoxides (LOOH) 

formation via the reaction with ΑΤ. Although no termination phase was observed for 

LDL enriched with DTF (5 μM) in top panel of Figure 2A, the oxidation would have 

stop if we had extended incubation longer. In addition to chain breaking activity, DFT 

might have a metal binding activity which would reduce the overall rate of initiating 

radical generation.  

A key feature of LDL oxidation is the breakdown of polyunsaturated fatty acids 

to yield a broad array of smaller fragments, 3–9 carbons in length, including 

aldehydes and ketones [70]. As a result, besides evaluating the conjugated dienes that 

form following the Cu2+-triggered peroxidation, we also studied the accumulation of 

TBARS for LDL supplemented with DTF or ΑΤ after 3 h oxidation (Figure 2B). The 

data presented and obtained by utilizing these two different analytical procedures, 

clearly demonstrate that DTF has about 10- to 20-fold higher antioxidant activity as 

compared with ΑΤ; while NOB has negligible antioxidant activity. 

It has been found that malondialdehyde (or other aldehydes) generated during 

oxidation can form Schiff bases with the ε-amino groups of lysine residues of apoB 

[71]. In this research, we also found that the relative electrophoretic mobility (REM) 

of LDL increased in the presence of Cu2+ and the addition of DTF (5 μM) could 

significantly protect apoB from oxidative modification. NOB had no detectable 



 
 
 
 
 
 
 
 
 
 
 
 

     

antioxidant effect; while ΑΤ (5 μM) had limited inhibitory activity against conjugated 

diene formation (Figure 2A) and TBARS formation (Figure 2B). As a result, these 

characteristics might explain why there was no significant difference in REM assay 

between LDL enriched with AT or NOB and vehicle control (Figure 2C). 

In atherosclerotic lesions, monocytes migrate into the vessel wall and 

differentiate into macrophages. Some macrophages become lipid-loaded after uptake 

of oxLDL. As a result, to mimic events in atherosclerotic lesions, both 

monocyte-to-macrophage differentiation and foam cell formation need to be studied 

[72]. In this study, we first used PMA- and oxLDL-stimulated THP-1 cells as models 

to study the effects of NOB and DTF on monocyte differentiation. The expression of 

scavenger receptors is upregulated during the differentiation of monocytes into 

macrophages, which is a key event in the process of atherosclerosis. It was found that 

THP-1 monocytes stimulated with PMA (30 nM) for 24 h significantly induced 

CD11b, LOX-1, CD36 and SR-A mRNA expression by ~17, >1000, ~27 and ~480 

folds, respectively (Figures 3A-D). These levels were higher than those published by 

using semi-quantitative RT-PCR in combination with end-product gel electrophoretic 

analysis [35, 39, 47]. Phenotypic expression analyzed by flow cytometry further 

demonstrated that PMA (30 nM) induced CD36 and SR-A surface protein expression 

by 6.3- and 1.9-fold (Figures 3E and F). The protein induction was similar to those 

published in literature [47] but was much lower than that of mRNA. The discrepancy 

between induction of mRNA and surface protein expression might be caused by (1) 

the newly made mRNA does not completely contribute to the protein synthesis or the 

turnover rate of mRNA is relatively slow so that detected mRNA level is higher; (2) 

nascent protein does not completely translocate from the intracellular compartments 

to cellular surface so that surface protein level is lower [73]; (3) RT-Q-PCR has higher 



 
 
 
 
 
 
 
 
 
 
 
 

     

detection sensitivity than flow cytometry. 

Current result (Figure 3) also showed that DTF (10 and 20 μM) could attenuate 

monocyte-to-macrophage differentiation because the transcripts of CD11b, LOX-1, 

CD36 and SR-A, as well as surface CD36 and SR-A protein expression were 

significantly reduced in a dose-dependent manner. On the other hand, the effect of 

parent compound, NOB, on monocyte differentiation was distinct. In the mRNA 

expression, NOB had no effect on CD11b or SR-A; while decreased LOX-1 and 

increased CD36. These results are slightly different from those published by Eguchi et 

al. [35, 39], which demonstrated that both NOB and DTF could reduce LOX-1, SR-A, 

and CD36 mRNA levels. We reasoned that these discrepancies may be accounted by 

variations in THP-1 culture condition and primer design for the target gene or 

detection limit difference between the real-time PCR and traditional PCR [74]. 

It has been well-known that oxLDL, in contrast to native LDL, induces a 

differentiation process in monocytes, resulting in a more mature macrophage-like 

phenotype [60]. Stimulation of monocyte-to-macrophage differentiation was 

dependent on the extent of LDL oxidation, and required oxLDL internalization by the 

cells [47]. Current research (Figure 4) demonstrated that DTF, rather than NOB, 

downregulated oxLDL-stimulated scavenger receptor expression. Among these 

scavenger receptors, the expression of CD36 was the most sensitive to DTF treatment. 

It has been indicated that there might be different pathways activated by oxLDL and 

PMA. PKB/PPARγ signaling pathways are thought to mediate CD36 expression in 

response to oxLDL [75]; while PKC/PPARγ is to mediate PMA-induced 

differentiation [75, 76]. From the current result, it is likely that DTF rather than its 

parent compound, NOB, interferes with both pathways.  

The above results led us to examine whether DTF and NOB can affect 



 
 
 
 
 
 
 
 
 
 
 
 

     

differentiation-associated scavenger receptor activity by measuring uptake of acLDL 

and oxLDL. AcLDL is known to be bound to and taken up mainly through SR-A; 

while a less extent is through CD36. OxLDL is taken up, for the most part, through 

CD36; while through SR-A and LOX-1 in a less degree. Fluorescence microscope 

(Figures 5A and C) provided live-cell imaging of increased number of fluorescence 

cells in response to PMA. Flow cytometry (Figures 5B and D) revealed 6-fold 

DiI-acLDL and 25-fold DiI-oxLDL mean fluroscence (MFI) increase in PMA-treated 

cells as compared with monocytes. The increase is associated with PMA-induced 

expression and activities of scavenger receptors. Treatment of THP-1 cells with DTF 

(10-20 μM) during differentiation dose-dependently block PMA-stimulated uptake of 

modified LDL by 61-88% (Figure 5). This effect may result from the combined 

decrease of SR-A, LOX-1 and CD36 expression (Figure 3). In comparison, NOB 

decreased PMA-stimulated DiI-acLDL and DiI-oxLDL uptake, in less extent (Figure 

5); although it did not suppress PMA-induced SR-A or CD36 mRNA or surface 

protein expression (Figure 3). This result was similar to the effect of NOB in murine 

J774A.1 macrophages [36]. We also found that NOB exhibited stronger inhibitory 

effect against DiI-oxLDL uptake than DiI-acLDL uptake and this may be associated 

with its inhibition on LOX-1 mRNA expression. Nevertheless, the attenuation of 

modified LDL uptake by NOB could not be completely explained by merely 

down-regulation of scavenger receptor expression, it is likely that NOB function 

downstream of scavenger receptor ligand binding as well. 

We further questioned whether DTF and NOB also inhibited foam cell formation 

in THP-1-derived macrophages. RT-Q-PCR (Figures 6A and B) indicated that 

addition of DTF and NOB markedly inhibited the expression of SR-A and CD36, 

which were responsible for the majority of modified LDL processing in macrophages 



 
 
 
 
 
 
 
 
 
 
 
 

     

[57]. To elucidate whether there are any functional consequences for DTF- or 

NOB-mediated inhibition of SR-A and CD36 expression, quantitative analysis of 

DiI-acLDL and DiI-oxLDL uptake was performed in THP-1-derived macrophages. 

Both DTF and NOB significantly inhibited DiI-acLDL as well as DiI-oxLDL uptake 

by THP-1 macrophages dose-dependently. It appears that both DTF and NOB exert 

dual effects in inhibiting SR-A and CD36 activities in macrophages. By comparing 

data from Figure 3 to Figure 6, it is apparent that the effect of NOB on scavenger 

expression and activity is more evident in macrophages than during 

monocyte-to-macrophage differentiation.  

It has been generally accepted that catechol compounds which possess two 

adjacent OH-groups in the benzene ring can be further oxidized to reactive 

semiquinone, which may bring about the pharmacological or toxicological activities 

[77]. Similarly, DTF has been reported stronger anti-inflammatory and antitumor 

activity than NOB [37]. In this research we further demonstrated that DTF exerts a 

stronger protective effect against atherogenesis than NOB because of its stronger 

antioxidant activity against LDL oxidation and its potent inhibitory effect against 

monocyte-to-macrophage differentiation and foam cell formation. This observation, if 

confirmed in vivo, might have important clinical implications in the prevention and 

treatment of atherosclerosis.  
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Table 1. Primer pairs used in RT-Q-PCR. 

Gene Sequence (5'-3') Amplicon (bp) 

GAPDH 
CATGAGAAGTATGACAACAGCCT
AGTCCTTCCACGATACCAAAGT 

113 

CD36 
GCCAAGGAAAATGTAACCCAGG 
GCCTCTGTTCCAACTGATAGTGA

101 

SR-A 
GCAGTGGGATCACTTTCACAA 
AGCTGTCATTGAGCGAGCATC 

85 

LOX-1 
CTCGGGCTCATTTAACTGGGA 
AGGAAATTGCTTGCTGGATGAA 

113 

CD11b 
ACTTGCAGTGAGAACACGTATG 
AGAGCCATCAATCAAGAAGGC 

141 

 



 
 
 
 
 
 
 
 
 
 
 
 

     

Figure 1. Chemical structures of nobiletin and 3',4'-dihydroxy-5,6,7,8- 

tetramethoxyflavone. 

 

Figure 2. Effects of 3',4'-dihydroxy-5,6,7,8-tetramethoxyflavone (DTF), nobiletin 

(NOB), and DL-α-tocopherol (AT) on inhibiting Cu2+-induced LDL oxidation. Native 

LDL (nLDL) (0.1 mg/ml) was oxidized with 10 μM Cu2+ in the presence of vehicle 

(0.1% DMSO) or indicated compound at 37oC. (A) The formation of conjugated diene 

was measured by change in absorbance at 234 nm (ΔΑ234) after oxidation for the 

indicated period. (B) TBARS formation was measured after oxidization for 3 h as 

described in Materials and Methods. (C) Electrophoretic mobility was measured in 

the presence of 5 μM of indicated compound as described in Materials and Methods.  

 

Figure 3. Effects of 3',4'-dihydroxy-5,6,7,8-tetramethoxyflavone (DTF) and nobiletin 

(NOB) on the mRNA expression of CD11b (A), LOX-1 (B), CD36 (C) and SR-A (D); 

as well as surface protein expression of CD36 (E) and SR-A (F) during 

monocyte-to-macrophage differentiation. THP-1 monocytes were treated with vehicle 

(0.1% DMSO), DTF or NOB for 30 min prior to 30 nM PMA addition and incubated 

for 24 h. To measure mRNA expression, total cellular RNA was prepared and the 

expression of mRNA was analyzed as described in Materials and Methods. The data 

were normalized with reference to the expression levels of the corresponding GAPDH 

mRNAs. Data represent mean ratio± SEM of three independent experiments relative 

to the value of the monocytes (A-D). Cell surface CD36 protein expression was 

measured by incubation cells with fluorescein (FITC)-conjugated murine anti-human 

CD36 (clone FA6.152, Immunotech, Beckman Coulter). Cell surface SR-A expression 

was measured by incubation cells with mouse anti-human SR-A/MSR1 antibody 



 
 
 
 
 
 
 
 
 
 
 
 

     

(clone 351615, R&D Systems) followed by FITC-labelled goat anti-mouse IgG 

antibodies. The level of fluorescence was investigated in duplicates by flow cytometry 

(Coulter EPICS XL, Beckman Coulter) as described in Materials and Methods (E and 

F). *, p<0.05 and **, p < 0.01 represents significant differences compared with 

vehicle control of 30 nM PMA-treated cells.  

 

 

Figure 4. Effects of 3',4'-dihydroxy-5,6,7,8-tetramethoxyflavone (DTF) on the mRNA 

expression of CD36, SR-A and LOX-1 in oxLDL-induced monocyte-to-macrophage 

differentiation. THP-1 monocytes were treated with vehicle (0.1% DMSO), NOB for 

30 min prior to 1.6 nM PMA and 25 μg/mL oxLDL treatment and incubated for 24 h. 

Total cellular RNA was prepared and the expression of mRNA was analyzed as 

described in Materials and Methods. The data were normalized with reference to the 

expression levels of the corresponding GAPDH mRNAs. Data represent the mean 

ratio ± SEM of three independent experiments relative to the value of the PMA (1.6 

nM)-treated cells. *, p<0.05 and **, p<0.01 represent significant differences 

compared with cells treated with PMA (1.6 nM) plus oxLDL (25 μg/mL). 

 

Figure 5. Effects of 3',4'-dihydroxy-5,6,7,8-tetramethoxyflavone (DTF) and nobiletin 

(NOB) on DiI-acLDL and DiI-oxLDL uptake in PMA-stimulated THP-1 monocytes. 

THP-1 monocytes were treated with vehicle (0.1% DMSO), DTF or NOB for 30 min 

prior to PMA (30 nM) addition and incubated for 24 h. DiI-acLDL (A and B) and 

DiI-oxLDL (C and D) (10 μg/mL) was added to cells and incubated for 24 h. Cell 

association of DiI-modified LDL was observed under fluorescence microscopy (A 

and C). Cells were then analyzed by flow cytometry (B and D) as described in 



 
 
 
 
 
 
 
 
 
 
 
 

     

Material and Methods. Data represent the mean ± SEM of three independent 

experiments. *, p<0.05 and **, p<0.01 represent significant differences compared 

with vehicle control of 30 nM PMA-treated cells. 

 

Figure 6. Effects of 3',4'-dihydroxy-5,6,7,8-tetramethoxyflavone (DTF) and nobiletin 

(NOB) on the mRNA expression of CD36 (A) and SR-A (B) and DiI-modified LDL 

uptake (C-E) in THP-1-derived macrophages. THP-1-derived macrophages were 

treated with vehicle (0.1% DMSO), DTF or NOB for 48 h. To measure mRNA 

expression level, total cellular RNA was prepared and analyzed as described in 

Materials and Methods. The data were normalized with reference to the expression 

levels of the corresponding GAPDH mRNAs and were represented as the mean ratio 

± SEM of three independent experiments relative to the value of the vehicle-treated 

cells (A and B). To measure modified LDL uptake, DiI-oxLDL or DiI-acLDL (10 

μg/ml) was added to cells and incubated for another 24 h. Cell association of 

DiI-oxLDL was observed under fluorescence microscopy (C) and the uptake of 

DiI-modified LDL was quantitated by flow cytometry (D and E). Data represent the 

mean ± SEM of three independent experiments.*, p<0.05 and **, p < 0.01 represent 

significant differences compared with vehicle control.  
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(Figure 5AB) 
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(Figure 5CD) 

a monocyte 

b vehicle 

c DTF 10 μM

d DTF 20 μM

e NOB 10 μM

f NOB 20 μM



 
 
 
 
 
 
 
 
 
 
 
 

     

 

concentration (μM)

vehicle 10 20

C
D

36
 m

R
N

A 
ex

pr
es

si
on

 (f
ol

d 
of

 m
ac

ro
ph

ag
es

)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

DTF
NOB

**

**

* *

A

concentration (μM)

vehicle 10 20

SR
-A

 m
R

N
A 

ex
pr

es
si

on
 (f

ol
d 

of
 m

ac
ro

ph
ag

es
)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

DTF
NOB

**

**

**
**

B

 
 

(Figure 6 A and B) 
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(Figure 6 D and E) 
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