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Abstract. The ATP-binding membrane cassette transporter A1 
(ABCA1) plays a protective role in the development of 
atherosclerosis for the reverse cholesterol transport process. 
Epigallocatechin-3-gallate (EGCG), which exists abundantly 
in green tea, exerts an anti-atherosclerotic effect via anti-
inflammatory and metabolic regulation activities. Many genes 
and proteins related to lipid metabolism are involved in the 
lowering cholesterol effects of EGCG. However, effects of 
EGCG on ABCA1 have rarely been described. In the study 
presented here, we found that exposure of macrophage foam 
cells to TNF-α results in a downregulation of ABCA1 and a 
decrease in cholesterol efflux to apoA1, which is attenuated 
by pretreatment with EGCG. Moreover, rather than acti-
vating the Liver X receptor (LXR) pathway, inhibition of the 
TNF-α-induced nuclear factor-κB (NF-κB) activity is detected 
with EGCG treatment in cells. In order to inhibit the NF-κB 
activity, EGCG can promote the dissociation of the nuclear 
factor E2-related factor 2 (Nrf2)-Kelch-like ECH-associated 
protein 1 (Keap1) complex; when the released Nrf2 translo-
cates to the nucleus and activates the transcription of genes 
containing an ARE element inhibition of NF-κB occurs and 
Keap1 is separated from the complex to directly interact with 
IKKβ and thus represses NF-κB function. These results provide 
novel insight into the anti-inflammatory effects of EGCG, as 
well as the identification of a novel potential therapeutic role 
for the prevention of atherosclerosis.

Introduction

Atherosclerosis is a disease characterized by inflammation, 
lipid accumulation and foam cell formation (1,2). A wide range 
of inflammatory cytokines is produced by inflammatory cells, 
mainly macrophages and T-lymphocytes, in atherosclerotic 
lesions. The inflammation often leads to great alterations in 
some lipids, such as high-density lipoprotein (HDL) choles-
terol, and lipoprotein metabolism, through altering the 
transcription of genes that controls lipid metabolism (3). HDL, 
however, plays a key role in protecting against atherosclerotic 
heart disease via reverse cholesterol transport (RCT), a process 
that delivers cholesterol from the arterial wall back to the liver 
for disposal (4-6). It is believed that RCT could be facilitated 
by a cell membrane protein called ATP-binding membrane 
cassette transporter A1 (ABCA1), mediating macrophage and 
other peripheral cellular free cholesterol efflux to extracellular 
HDL and/or lipid-free apolipoprotein AI (apoAI) (7,8). The 
binding of free cholesterol to apoAI also leads to the genera-
tion of nascent HDL. Thus, it is clear that ABCA1 is critical 
for the synthesis of nascent HDL and plays a protective role in 
the development of atherosclerosis.

ABCA1 is a target gene for the Liver X receptor (LXR) 
which is a nuclear hormone transcription factor (9,10). 
Targeting LXR activation is believed to enhance the expres-
sion of ABCA1 and remove cholesterol from the body (10-12). 
However, downregulation of ABCA1 has been observed 
following exposure to inflammatory stimuli including IL-1β, 
TNF-α, IFN-γ and LPS, in which the nuclear factor-κB 
(NF-κB) dependent pathway was reported to be involved 
(13-16). Thus, inhibiting the NF-κB pathway may be a mecha-
nism for attenuating the downregulation of ABCA1 induced 
by an inflammatory stimulus.

Epigallocatechin-3-gallate (EGCG), which exists abundantly 
in green tea, has been shown to have some anti-carcinogenic, 
anti-oxidative, anti-proliferative and anti-mutagenic proper-
ties in animal models and cell studies (17-21). It is reported 
that a 67-kDa laminin receptor (67LR), as the cell surface 
EGCG receptor, may be involved in mediating these actions of 
EGCG (22-25). Moreover, EGCG is also believed to exert an 
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anti-atherosclerotic effect via anti-inflammatory and metabolic 
regulation activities (26,27). It has also been proposed that 
EGCG could restrain inflammatory cytokines, such as TNF-α 
and IL-1β, through blocking NF-κB pathway, and nuclear factor 
E2-related factor 2 (Nrf2) might be involved in this process 
(18,28,29). Nrf2 is indispensable to cellular defense against 
many chemical insults of endogenous and exogenous origin, 
which plays a major role in the etiopathogenesis of many cancers 
and inflammation-related diseases (30). Under basal conditions, 
Nrf2 is sequestered by Kelch-like ECH-associated protein 1 
(Keap1) in the cytoplasm leading to an enhanced proteasomal 
degradation of Nrf2. In conditions of oxidative stress, Nrf2 is 
released from Keap1 and translocates to the nucleus, thereby 
activating transcription of genes containing an ARE element 
in their promoter regions incurring a cytoprotective adaptive 
response (30). Thus, it raises the possibility that EGCG might 
play a role in upregulation of ABCA1, which is suppressed by 
inflammatory stimulus, via inhibition of NF-κB translocation.

The present studies have been undertaken to investigate 
the possible effects and mechanisms of EGCG on ABCA1 
in lipid loading and inflammatory macrophages. Our results 
have clearly demonstrated that, in THP-1 inflammatory 
macrophages, downregulation of ABCA1 is suppressed by 
TNF-α-induced NF-κB translocation, and this inhibitory 
regulation of TNF/NF-κB can be attenuated by EGCG via the 
Nrf-2/Keap1 pathway.

Materials and methods

Materials. Cell culture media and supplements were from 
Hyclone (South Logan, UT). Recombinant human apoAI were 
obtained from Protein Specialists (Prospec, Israel). CellTiter 
96  AQueous One Solution Reagent was from Promega 
(Madison, WI). Lipofectamine™ 2000 was from Invitrogen. 
LXR-α/β, Keap1, Nrf2, NF-κBp65, IKKβ, Lamin B2 and 
β-actin antibodies and histone H1 were obtained from Santa 
Cruz Biotechnology, Inc. (Santa Cruz, CA). ABCA1 antibody 
was purchased from Abcam (Abcam, UK). Epigallocatechin-
3-gallate (99%), 5-aminoimidazole-4-carboxamide riboside 
(AICAR), 3-[4,5-Dimethylthiazol-2-yl]-2,5-tetrazolium bromide 
(MTT), metformin, cholesterol (CHO) and other chemicals of 
reagent grade were purchased from Sigma Chemical (Sigma-
Aldrich, MO).

Cell culture. Human THP-1 cells were cultured in RPMI-1640 
supplemented with 0.1% non-essential amino acids, penicillin 
(100 U/ml), streptomycin (100 µg/ml), and 20% fetal bovine 
serum (FBS) at 37˚C in 5% CO2 at a cell density of 0.2 to 
1.0x106/ml. After 3-4 days, cells were treated with phorbol 
12-myristate 13-acetate (160 nmol/l) for 12 h, and then the 
medium was replaced by serum-free medium containing 
oxLDL (50 µg/ml) for 48 h to become fully differentiated 
macrophage foam cells. The cells were preincubated with or 
without different concentrations of EGCG for 16 h and then 
stimulated with TNF-α for either 2 h (mRNA studies) or 
30 min (protein studies).

Cellular cholesterol efflux experiments. Cells were cultured 
as indicated above. Then they were labeled with 0.2 µCi/ml 
[3H] cholesterol. After 72 h, cells were subsequently washed 

with phosphate-buffered saline (PBS) and incubated overnight 
in RPMI-1640 medium containing 0.1% (w/v) bovine serum 
albumin (BSA) to allow equilibration of the [3H] cholesterol in 
all of the cellular pools. Equilibrated [3H] cholesterol-labeled 
cells were washed with PBS and incubated in 2 ml of efflux 
medium containing RPMI-1640 medium, 0.1% BSA and 3 µg/
ml apoA1. A 150 µl sample of efflux medium was obtained 
at the designated times and passed through a 0.45-µm filter 
to remove any floating cells. The monolayers were washed 
twice in PBS, and cellular lipids were extracted with isopro-
panol. Medium and cell-associated [3H] cholesterol was then 
measured by liquid scintillation counting. The percentage of 
efflux was calculated by the following equation: [total media 
counts/(total cellular counts + total media counts)] x100%.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diplenyltetrazolium 
bromide) assay. A cell cytotoxicity assay was assessed by 
measuring the activity of mitochondrial dehydrogenase as 
described previously (31). THP-1 cells were plated in 96-well 
plates with a density of 1x104/well. The medium was replaced 
after 24 h. The cells were cultured as indicated above and then 
incubated with TNF-α (10 ng/ml), or different concentrations 
(10, 20, 40, 80 µg/ml) of EGCG, or H2O2 (100 µM), or control 
medium alone. After treatment for 24 h, 10 µl/well of CellTiter 
96 AQueous One Solution Reagent (MTT) was added. After 
incubation at 37˚C for 1 h in a humidified 5% CO2 atmosphere, 
the absorbance at 490 nm was recorded with an ELISA plate 
reader. Control refers to incubations in the presence of vehicle 
only (0.1% of DMSO or ethanol) and was considered to have 
100% viable cells.

RNA estimation by real-time quantitative RT-PCR. mRNA levels 
were estimated by quantitative RT-PCR as described previously. 
The following primers were used to estimate human gene expres-
sion: ABCA1, forward, 5'-GTCCTCTTTCCCGCATTAT 
CTGG-3' and reverse, 5'-AGTTCCTGGAAGGTCTTGTT 
CAC-3'; LXR-α, forward, 5'-GGTACAACCCTGGGAGTG 
AG-3' and reverse, 5'-TGGGGTTG ATGAATTCCACT-3'; 
LXR-β, forward, 5'-CGCTACAACCACGAGACAGA-3' and 
reverse, 5'-GGTTGATGAACTCCACCTGC-3'. These primers 
were designed using qPrimerDepot database. The values were 
normalized using 18 S rRNA as endogenous internal standard. 
The relative expression of the gene was calculated using compar-
ative CT method (32). The followings are the qPCR Ct values for 
the respective genes: 18 S, 10; ABCA1, 20; LXR-α, 23; LXR-β, 18.

Western blot analyses. Protein (20 µg lysates) was loaded 
on 80% SDS-polayacrylamide electrophoresis gel, elec-
trophoresed for 2 h at 100 V in buffer, and transferred to 
polyvinylidene fluoride (PVDF) membranes. The primary 
antibodies were used against ABCA1, LXRα/β, Nrf2, NF-κB, 
Keap1, IKKβ and β-actin. Immunoreactivity was detected 
by ECL test. Protein content was calculated by densitometry 
using Labwords analysis software (32).

Transient transfection and luciferase reporter assay. 
Transfections were performed in 12-well plates with jetPEI 
reagent in THP-1 cells according to the manufacturer's instruc-
tions (Life Technologies). In the promoter activation studies, 
THP-1 cells were cotransfected with β-galactosidase expression 
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plasmid and the reporter plasmid of the hABCA1 [pABCA1 
(-928)-luc] or hABCA1 [pABCA1 (-928 DR4 mut)-luc], a 
reporter construct which DR4 site was mutated. After 24 h 
of transfection, cells were treated with T0901317 (10 µmol/l), 
EGCG and/or TNF-α, and then luciferase activities were 
measured with use of the Luciferase Assay system (Promega). 
The results were normalized against β-galactosidase.

Electrophoretic mobility shift assay (EMSA). EMSA was 
performed using double-stranded oligonucleotides (Promega) 
for the consensus binding site of the NF-κB nucleotide (5'-AGT 
TGAGGGGACTTTCCCAGGC-3') and the consensus binding 
site of the ARE nucleotide (5'-CTACGATTTCTGCTTAGT 
CATTGTCTTCC-3'). Oligonucleotides were labeled in the 
following reaction: 2 ml of oligonucleotide (1.75 pmol/ml), 
2 ml of 5X kinase buffer, 1 ml of T4 polynucleotide kinase 
(10 U/ml) (Gibco Invitrogen, Barcelona, Spain), and 2.5 ml of 
[γ-32P]-ATP (3,000 Ci/mmol at 10 mCi/ml) (Perkin Elmer, 
Waltham, MA), incubated at 37˚C for 1 h. The reaction was 
stopped by adding 90 ml of TE buffer (10 mM Tris-HCl pH 7.4 
and 1 mM EDTA). To separate the labeled probe from the 
unbound ATP, the reaction mixture was eluted in a Nick 
column (GE Healthcare, CA) following the manufacturer's 
instructions. Eight micrograms of crude nuclear protein were 
incubated for 10 min on ice in binding buffer (10 mM Tris-HCl 
pH 8.0, 25 mM KCl, 0.5 mM DTT, 0.1 mM EDTA pH 8.0, 5% 
glycerol, 5 mg/ml BSA, and 50 mg/ml poly (dI-dC), in a final 
volume of 15 ml. Labeled probe (approximately 60,000 cpm) 
was added and the reaction was incubated for 15 min at 4˚C 
(NF-κB). Where indicated, specific competitor oligonucleotide 
was added before the labeled probe and incubated for 10 min 
on ice. Normal rabbit IgG1 (4 µg) was used as a control for the 
supershift assay. The mixtures were separated on native poly-
acrylamide gel and developed by autoradiography. The 
32P-labeled consensus sequence for OCT1 was used as a 
control for gel loading. Protein-DNA complexes were resolved 
by electrophoresis at 4˚C on a 5% acrylamide gel and subjected 
to autoradiography.

Small interfering RNA transfection. Cells were transfected 
with Nrf2 siRNA (600 nM), 67LR siRNA (600 nM) and Keap1 
siRNA (600 nM) using Lipofectamine for 24 h. After trans-
fection, the cells were treated with EGCG (24 h) and TNF-α 
(18 h). The cells were then lysed for western blot analyses.

Statistical analysis. Data are presented as the mean and stan-
dard error. Statistical significance was analyzed by one-way 
ANOVA using the GraphPad Prism software (version 5.0). 
P-value <0.05 was considered significant.

Results

TNF-α suppresses ABCA1 transcription and decreases 
ABCA1-mediated cholesterol efflux, which can be attenuated 
by EGCG pretreatment. To address whether EGCG and/or 
TNF-α alters cholesterol efflux to apoA1, THP-1 macrophage-
derived foam cells were incubated with labeled cholesterol 
overnight. In cell culture dishes, EGCG and/or TNF-α or 
T0901317, an LXR agonist, were added to cell culture medium. 
ApoA1 was also added to the medium. After 18 h incubation, 

labeled cholesterol and cholesterol contents were measured. As 
shown Fig. 1A, compared with control cells incubated without 
EGCG and TNF-α, the cholesterol efflux of cells exposed 
to TNF-α was markedly decreased; and the group of cells 
incubated with T0901317, the cholesterol efflux of cells was 
increased significantly. When compared with cells exposed 
to TNF-α alone, the cholesterol efflux of cells pre-incubated 
with EGCG (40, 80 µg/ml) before exposure to TNF-α was 
modestly, but significantly, increased; and no significant 
differences were observed in these indicators studied between 
40 and 80 µg/ml, two different pretreatment concentrations of 
EGCG. Therefore, the 40 µg/ml of EGCG concentration was 
chosen for the following experiments. In addition, the choles-
terol efflux of cells incubated with EGCG alone was altered 
insignificantly, when compared with the control cells. Thus, 
TNF-α decreased the efflux of cholesterol to apoA1, and this 
decreased effect of TNF-α could be attenuated by EGCG.

To investigate whether EGCG treatment can cause cell 
toxicity, effects of different concentrations of EGCG on foam 
cell viability were compared using MTT reagent. The differ-
ences in cell viability between different treatments were not 
statistically significant (Fig. 1B). These results indicated that 
the experimental concentrations (10 to 80 µg/ml) of EGCG did 
not induce either cell proliferation or cell death.

To investigate if EGCG and/or TNF-α could alter the 
expression of ABCA1, cells were incubated with EGCG and/
or TNF-α for 18 h. Following the incubation, ABCA1 mRNA 
levels were estimated by quantitative RT-PCR. Fig. 1C shows 
these results. It is clear from these data that TNF-α caused a 
decrease in ABCA1 mRNA levels, and EGCG pretreatment 
reduced the decrease effect of TNF-α in cells.

Next, the effect of EGCG and/or TNF-α on the activity of 
the ABCA1 promoter was also analyzed in our experiments. 
Cells were first transfected with the construct pABCA1 (-928)-
luc, a luciferase-expressing plasmid containing the ABCA1 
promoter. Promoter activities of the construct pABCA1 
(-928)-luc were then examined following incubation with 
EGCG and/or TNF-α. The promoter activity of ABCA1 was 
markedly decreased in cells exposed to TNF-α, and the EGCG 
pretreatment reduced the inhibitory effect of TNF-α (Fig. 1D). 
However, no significant differences were observed in the indi-
cators studied between control cells and cells incubated with 
EGCG alone. Thus, these results suggested that the alteration 
of ABCA1 gene expression by EGCG and/or TNF-α depended 
on its transcription.

EGCG attenuates the effect of TNF-α on ABCA1 expression 
via inhibiting the NF-κB pathway rather than activating the 
LXR pathway. The cholesterol efflux of cells incubated with 
EGCG alone was altered insignificantly when compared with 
the control cells (Fig. 1A). However, the group of cells incu-
bated with T0901317 was increased significantly, which raised 
the possibility that EGCG might have no effect on the LXR 
pathway. To further support the notion, the effect of EGCG 
and TNF-α on LXR-α/β was also examined. Cells were 
incubated with EGCG and/or TNF-α for 18 h. Following incu-
bation, mRNA levels for the respective genes were analyzed 
by real-time quantitative RT-PCR (Fig. 2A). In contrast to the 
marked alteration on ABCA1 gene expression, gene expres-
sion for LXR-α and LXR-β were not affected by TNF-α and 
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EGCG. Furthermore, the protein levels of these genes were 
also studied, and the results were similar and no significant 
changes were detected in these experiments (Fig. 2B and C).

DR4 site located at the noncoding strand between -70 
and -55 bp of the ABCA1 promoter is a sterol-responsive 
element regulated by LXR and RXR heterodimers. To 
confirm whether this DR4 sterol-responsive element is critical 
to TNF-α and EGCG treatments, cells were then transfected 
with the construct pABCA1-DR4M-luc, in which DR4 site 
was mutated. TNF-α and EGCG still altered the DR4 mutant 
promoter activities, but the effect of T0901317 on ABCA1 
promoter activity was eliminated completely (Fig. 2D). These 
data suggest that TNF-α and EGCG altered the expression of 
ABCA1 in an LXR-independent manner.

A recent study has indicated that the NF-κB pathway plays 
a role in the inhibitory effect of TNF-α on ABCA1 expression 
in the human intestinal cell line Caco-2 (14). Thus in THP-1 
foam cells, downregulation of ABCA1 expression by TNF-α 
may be acting through the NF-κB pathway, and the inhibition 
of TNF-α-induced NF-κB activity may be involved in EGCG 

upregulating ABCA1. Therefore, we further examined the 
role of NF-κB pathway in TNF-α-induced downregulation 
of ABCA1. Cells were incubated with or without TNF-α, as 
well as AICAR and metformin, two individual inhibitors of 
the NF-κB pathway. Following incubation, ABCA1 mRNA 
and protein levels were determined. The two inhibitors of 
the NF-κB pathway attenuated the inhibitory effect of TNF-α 
on ABCA1 gene and protein expression (Fig. 3A, B and C). 
These results suggest that the NF-κB pathway is involved in 
the inhibitory effect of TNF-α on ABCA1 expression in THP-1 
macrophage foam cells.

To further demonstrate that EGCG could prevent TNF-α-
induced NF-κB activation, we next performed EMSAs for 
our cell treatment experiments. The labeled NF-κB probes 
formed two main complexes when incubated with cellular 
nuclear extracts (Fig. 3D). The specificity of the DNA-binding 
complexes was further assessed in competition experiments by 
adding an excess of unlabeled NF-κB oligonucleotide. When 
cells were exposed to TNF-α, we detected the enhanced NF-κB 
DNA-binding activity in the EMSA assays, whereas the cells 

Figure 1. Effects of EGCG and/or TNF-α on the cholesterol efflux, ABCA1 gene expression and promoter activity. (A) Macrophage cells were cultured with 
labeled [3H] cholesterol (concentration) for 24 h as described in the Material and methods. After washed to remove unincorporated radioactive cholesterol, 
cells were incubated with or without EGCG (concentration), TNF-α (concentration) and an LXR agonist T0901317 (10 µmol/l) added to the medium. Then, 
ApoA1 was also added to the medium. Following 18 h incubation of these cells, the amount of labeled cholesterol recovered in the medium was analyzed as 
described in the Material and methods. (B) Macrophage cell viability was measured using CellTiter 96 Aqueous One Solution Reagent. Control (0 µmol/l) 
refers to incubations in the presence of vehicle only (0.1% DMSO) and was considered to have 100% viable cells. (C) Macrophage cells were incubated with 
EGCG (concentration) and/or TNF-α (concentration) for 18 h. Following incubation, ABCA1 mRNA levels were examined by quantitative RT-PCR assays. 
(D) Macrophage cells were transfected for 24 h with 0.7 µg pABCA1 (-928)-luc promoter plasmid. The cells were then incubated with EGCG and/or TNF-α 
T0901317 (10 µmol/l) for 18 h, and promoter activity was analyzed as described in the Material and methods. Data are means ± SE (repeated experiments; 
n=3). *P<0.05 vs. control; #P<0.05 vs. TNF-α.
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pretreated with EGCG, our data showed a marked reduction 
in binding in the EMSA assays. Addition of antibody against 
the p65 subunit of NF-κB reduced the intensity of these bands, 
whereas an unrelated antibody against IgG1 did not, thereby 
indicating that EGCG attenuates the effect of TNF-α on 
ABCA1 expression via inhibiting the NF-κB pathway.

EGCG prevents TNF-α-induced NF-κB activation and upreg-
ulates ABCA1 through Nrf2/Keap1 pathway. Previous studies 
have indicated the involvement of Nrf2-Keap1 signaling 
in EGCG enhanced antioxidant activities with subsequent 
restraints NF-κB activation (18,28,29). The main function 
of Nrf2 is to activate the antioxidant response and induce 
transcription of a wide array of genes that is able to combat 
the harmful effects of oxidative stress and inflammation. 
The promoter regions of Nrf2 target genes contain a specific 
DNA sequence, called the antioxidant response element 
(ARE), which is required for Nrf2 binding and gene induction. 
Therefore, to demonstrate the effect of EGCG on Nrf2, we 
performed EMSA assays for our experiments. Cells exposed 
to TNF-α showed attenuated Nrf2 DNA-binding activity, 
whereas cells pretreated with EGCG showed enhancement in 
binding of Nrf2 (Fig. 4A). Addition of antibody against the 
Nrf2 reduced the intensity of these bands, whereas an unre-
lated antibody against IgG1 did not.

Nrf2 protein levels were also measured by western blot 
analysis. As the results in Fig. 4B and C show, low levels of 
nuclear Nrf2 were detected in control cells, while treatment 
with EGCG resulted in a great increase. Very few nuclear 
Nrf2 was detected in cells exposed to TNF-α, and a signifi-
cant increase was found in pretreatment with EGCG. Thus, 
these results might suggest that one of the main mechanisms 
involved in the down-regulation effect on NF-κB pathway 
and up-regulation effect on ABCA1 of EGCG is through its 
ability to induce Nrf2 translocation into nuclei and enhance 
the DNA-binding activity of Nrf2.

To further confirm these results, we knocked down 
67LR and Nrf2 by siRNA experiments to study the effects 
of Nrf2 on the NF-κB signaling pathway and ABCA1. Cells 
were transfected with 67LR siRNA and Nrf2 siRNA using 
Lipofectamine for 24 h. Transfection effects were examined 
and analyze in these cells. Transfection of the Nrf2 siRNA 
and 67LR siRNA for gene knockdown successfully prevented 
the EGCG-induced increase at Nrf2 nuclear protein levels 
(Fig. 4D and E). Consequently, with the Nrf2 siRNA and 67LR 
siRNA transfection, the nuclear NF-κB p65 protein levels 
were also examined and measured (Fig. 4F and G). With the 
67LR siRNA transfection, the inhibited effects of EGCG at 
nuclear NF-κB p65 protein levels were completely abrogated. 
Interestingly, with the Nrf2 knocked down, the inhibition 

Figure 2. Effects of EGCG and/or TNF-α on LXR-α/β. (A) Macrophage cells were incubated with TNF-α, EGCG and T0901317 for 18 h. Following cell 
incubation, mRNA levels for the respective genes were examined by quantitative RT-PCRs. Following the incubation of cells, LXR-α and LXR-β mRNA 
levels for these genes were analyzed by quantitative RT-PCRs. (B and C) LXR-α and LXR-β protein levels were examined by western blot analysis. (D) 
Macrophage cells were transfected for 24 h with 0.7 µg pABCA1 (-928)-luc promoter plasmid or pABCA1-DR4M-luc mutated promoter plasmid plus 0.2 µg 
β-Gal expression plasmid as the experimental control and these cells were incubated with EGCG and/or TNF-α or T0901317 (10 µmol/l) for 18 h, and the 
relative luciferase activities adjusted by β-Gal activities were then measured and analyzed. Data are means ± SE (repeated experiments; n=3). *P<0.05 vs. 
control; #P<0.05 vs. TNF-α.
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effects of EGCG was markedly, but not totally, abrogated. 
The measure of ABCA1 protein levels (Fig. 4H and I) and 
promoter activities (Fig. 4J) came up with similar results in 
which the effects of EGCG were completely abrogated by 
67LR knockdown, but not Nrf2 knockdown. These results 
have confirmed that 67LR, as the receptor of EGCG, is 
involved in the mechanism of EGCG regulation. In addition, 
these data suggest that the enhancement of nuclear Nrf2 level 
is probably a major, but not the only, mechanism contributing 
to the effects of EGCG.

Previous studies have reported that Keap1 represses 
NF-κB function by inducing IKKβ degradation (33,34). 
Therefore, we tested the function of Keap1 involved in the 
effects of EGCG. First, the effects of EGCG and/or TNF-α at 
Keap1 protein levels were measured. Protein mass of Keap1 in 
cells exposed to TNF-α or pretreatment with EGCG was not 
altered (Fig. 5A and B). Consequently, cells were transfected 
with Keap1 siRNA and the transfected effects were shown in 
Fig. 5C and D. When compared with 67LR knockdown, no 
significant alteration was found in Keap1 and Nrf2 double 
knockdown experiments. With Keap1 knocked down in the 
cells, the NF-κB transcriptional activity was modestly, but 
significantly, enhanced in our experiments (Fig. 5E and F). 
Moreover, the knockdown of Keap1 also attenuated the 

effects of EGCG on upregulated ABCA1 (Fig. 5G, H and I). 
Furthermore, the protein levels of IKKβ were measured in 
these cells. When compared with the controls, cell exposure 
to TNF-α caused a significant increase in IKKβ protein levels, 
which were reduced by pretreatment with EGCG, and these 
reduced effects of EGCG were abrogated by Keap1 knock-
down in these cells (Fig. 5J and K). These results further 
confirmed that EGCG inhibited the NF-κB transcriptional 
activity for downregulation of ABCA1, which were originally 
induced by TNF-α, partially through the Keap1-induced IKKβ 
degradation.

Discussion

The present studies have demonstrated that THP-1 macro-
phage-derived foam cell exposure to TNF-α results in 
downregulation of ABCA1 gene expression and decrease in 
cholesterol efflux to apoA1, and these harmful effects could 
be attenuated by pretreatment with EGCG in these cells via 
inhibiting the NF-κB activities. In order to inhibit the TNF-α-
induced NF-κB activities, EGCG is mediated into cytoplasm 
by 67LR promoting the dissociation of the Nrf2-Keap1 
complex. On the one hand, the released Nrf2 translocates to 
the nucleus and activates the transcription of genes containing 

Figure 3. EGCG prevents TNF-α-induced NF-κB activation. (A) Macrophage cells were incubated for 18 h with or without TNF-α and inhibitors of the NF-κB 
pathway AICAR (0.5 mM) or metformin (1 mM). Following cell incubation, ABCA1 mRNA levels were examined by quantitative RT-PCRs. (B and C) 
ABCA1 protein levels were examined by western blot analysis. Values for each treatment represent a mean ± SE of three individual wells. *P<0.05 vs. control. 
(D) Macrophage cells were treated or untreated with 40 µg/Ml of EGCG for 16 h before stimulated with 10 ng/ml of TNF-α for 2 h. Autoradiography of 
EMSA was performed with a 32P-labeled NF-κB nucleotide and nuclear protein extracts (NEs) from macrophage cells. Two specific band complexes, based 
on competition with a molar excess of unlabeled probe, are shown in the assays. A supershift analysis was performed by incubating the NEs with a specific 
antibody against the detected band complexes.
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Figure 4. EGCG induces nuclear Nrf2 activation. (A) Macrophage cells were treated or untreated with 40 µg/ml of EGCG for 16 h before stimulated with 
10 ng/ml of TNF-α for 2 h. Autoradiography of EMSA was performed with a 32P-labeled human NQO1 ARE sequence and nuclear protein extracts (NEs). 
Two specific band complexes, based on competition with a molar excess of unlabeled probe, are shown in the assays. A supershift analysis was performed 
by incubating the NEs with a specific antibody against the detected band complexes. (B and C) Macrophage cells were incubated with EGCG and/or TNF-α 
for 18 h. Following cell incubation, nuclear Nrf2 protein levels were examined by western blot analysis. (D and E) Macrophage cells were transfected with 
67LR siRNA and Nrf2 siRNA by using Lipofectamine for 24 h. After transfection, these cells were treated with EGCG. Then, transfection effects were 
detected by western blot analysis. (F and G) Protein levels of NF-κB p65 in nuclear extracts were measured and analyzed. (H and I) Promoter activities of the 
gene construct pABCA1(-928)-luc were also analyzed following cell incubation. (J) ABCA1 protein levels were measured by western blot analysis. Data are 
means ± SE (repeated experiments; n=3). *P<0.05 vs. control; #P<0.05 vs. TNF-α; and P<0.05 vs. TNF-α+EGCG+67 LR siRNA.
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Figure 5. Keap1-induced IKKβ degradation is involved in the regulatory effects of EGCG. (A and B) Macrophage cells were incubated with EGCG and/or 
TNF-α for 18 h. Following cell incubation, protein mass of Keap1 was measured by western blot analyses. (C and D) Macrophage cells were transfected with 
Keap1 siRNA by using Lipofectamine for 24 h. After transfection, transfection effects of the cells were detected by western blot analysis. (E and F) These 
transfected cells were then treated with EGCG and/or TNF-α. Cells were lysed and protein levels were analyzed with western blot analysis. Protein levels 
of p65 in nuclear extracts were measured and shown. (G and H) ABCA1 protein levels were measured and analyzed with western blot analysis. (I) Promoter 
activities of the gene construct pABCA1(-928)-luc were also examined following cell incubation. (J and K) IKKβ protein levels were measured and analyzed. 
Data are the means ± SE (repeated experiments; n=3). *P<0.05 vs. control; #P<0.05 vs. TNF-α; and P<0.05 vs. TNF-α+EGCG+67 LR siRNA.
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an ARE element in their promoter regions leading to inhibition 
of TNF-α-induced NF-κB activities. On the other side, Keap1 
is separated from Nrf2-Keap1 complex and directly interacts 
with IKKβ and represses NF-κB function (Fig. 6).

Previous studies have provided evidence suggesting that 
one of the cholesterol-lowering effects of green tea is mainly 
elicited by EGCG (35,36). One of the underlying mecha-
nisms by which EGCG affects cholesterol metabolism is by 
interfering with the micellar solubilization of cholesterol in 
the digestive tract, which then in turn decreases cholesterol 
absorption (35). Also EGCG, through significantly increasing 
the reduced activity of lecithin cholesterol acyl transferase 
(LCAT), can reduce the levels of serum low-density lipo-
protein (LDL) cholesterol and very low-density lipoprotein 
(VLDL) cholesterol and increases serum HDL-cholesterol 
in myocardial-infarcted rats (37). These recent studies have 
also indicated that EGCG improves cholesterol metabolism 
through the upregulation of LDL receptor and also reduces 
extracellular apoB levels (38). In addition, sterol regulatory 
element-binding proteins-1c (SREBP-1c), C/EBP-β, and 
peroxisome proliferator-activated receptor-γ (PPAR-γ), also 
are involved in the cholesterol-lowering effect of EGCG 
(39,40). However, effects of EGCG on ABCA1, which plays 
a key role in the process of RCT, have rarely been described 
until now. In the present studies, we have demonstrated that 
EGCG increases the expression of ABCA1 and facilitates the 
cholesterol efflux to apoA1 in the TNF-α-induced inflam-
matory effects on THP-1 macrophage-derived foam cells. 
Nevertheless, no effects of EGCG on ABCA1 are found in the 
cells without exposure to TNF-α. These results suggest that 

EGCG has an indirect effect on ABCA1 under an inflamma-
tory pathological condition.

In the macrophages, targeting LXR activation is believed 
to enhance the expression of ABCA1 and remove cholesterol 
from the cells (10-12). Our prior results in THP-1 macrophage 
cell lines also support this notion (11,12,31,41). Therefore, 
targeting LXR may be related to the effect of EGCG on 
ABCA1 in TNF-α-induced inflammatory cells. Interestingly, 
in the present studies, no mRNA levels or protein levels of 
LXR-α/β were altered in our experiments. The deletion of the 
DR4 element from the promoter of ABCA1 did not reverse 
the effects of EGCG. Interesting results were also found in 
another study on 3T3-L1 cells in which EGCG was found to 
greatly decrease the expression of PPAR-γ2 and LXR-α (42). 
Different results were reported in that study possibly due to 
the different types of cell lines, which, however, at the very 
least, indicates that EGCG has no effects on upregulation of 
LXR. Thus, all these results infer that an LXR-independent 
mechanism is preferred.

A large body of evidence indicates that EGCG reversed 
lipid anomalies along with attenuating the inflammation 
(43,44). Is there any relationship between the two functions 
of EGCG? In the human intestinal cell line Caco-2, TNF-α 
decreases ABCA1 expression and attenuates HDL cholesterol 
efflux, whereas inhibitors of the NF-κB pathway attenuate 
the effect of TNF-α on ABCA1 expression (14). Inhibition 
of NF-κB activities is believed to block the TNF-α-induced 
inflammation (45). Therefore, NF-κB pathway may be a link 
between the two EGCG functions, anti-inflammation and 
improved cholesterol metabolism. In addition, because of 
the promoter of ABCA1 containing an NF-κB binding site 
(46), the mechanism possibly is that EGCG indirectly affects 
ABCA1 via suppressing the binding of ABCA1 promoter and 
NF-κB. The results of our studies have further confirmed the 
notion. Macrophage cell exposure to TNF-α enhances NF-κB 
DNA-binding activity, whereas pretreatment with EGCG then 
results in a marked reduction in binding.

To further examine the involvement of important cellular 
components in cell fate, we focused first on Nrf2 based on 
the facts that EGCG activates it (18,28,29). EGCG has been 
reported to have anti-inflammatory effects by increasing 
nuclear Nrf2 activities and inhibiting nuclear NF-κB-mediated 
inflammatory responses in  vivo (29). Our current studies 
showed that TNF-α caused an activity of NF-κB pathway 
resulting in inflammatory injury. Therefore, it is plausible 
that we can cope with the harmful effects of TNF-α through 
induction of Nrf2. In the present study, we observed that cells 
exposed to TNF-α attenuated the Nrf2 DNA-binding activity, 
which, however, was specially reversed by pretreatment with 
EGCG. Western blot analysis data also showed that EGCG 
decreased cytosolic protein levels and enhanced cellular 
nuclear Nrf2 protein levels in THP-1 macrophage cell lines, 
which was in agreement with the results of studies in rats with 
pulmonary fibrosis and rats with lupus nephritis (28,29). Thus, 
it is clear that EGCG induces the cytosolic Nrf2 translocation to 
the nucleus and activates the transcription of genes containing 
an ARE element in their promoter regions resulting in inhibi-
tion of TNF-α-induced NF-κB activity. Considering previous 
studies showing that mitogen-activated protein kinases 
(MAPKs) play a role in potentiating Nrf2-mediated ARE 

Figure 6. EGCG prevents TNF-α-induced NF-κB activation thereby upregu-
lating ABCA1 in THP-1 macrophage-derived foam cells via Nrf2/Keap1 
pathway. Macrophage cell exposure to TNF-α results in a downregulation 
of ABCA1 gene expression and a decrease in cholesterol efflux to apoA1, 
which, however, is attenuated by pretreatment with EGCG in these cells. 
Rather than activating the LXR pathway, inhibiting the TNF-α-induced 
NF-κB activities is involved in the upregulatory effect of EGCG on ABCA1. 
To inhibit the TNF-α-induced NF-κB activities, EGCG are mediated into 
cytoplasm by 67LR promoting the dissociation of the Nrf2-Keap1 complex. 
On the one hand, the released Nrf2 translocates to the nucleus and, in com-
bination with other transcription factors, activates the transcription of genes 
containing an ARE element in their promoter regions resulting in inhibition 
effect on TNF-α-induced NF-κB activities. On the other hand, Keap1 is 
separated from Nrf2-Keap1 complex and directly interacts with IKKβ and 
represses NF-κB function.
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activation and modulating NF-κB, MAPKs were reported to 
be involved in regulatory network of Nrf2 and NF-κB (30,47). 
However, the detailed regulatory network of Nrf2 and NF-κB 
is still unknown and further study is necessary.

In order to further demonstrate the notion that induction 
of Nrf2 is the special molecule involved in regulatory mecha-
nism of EGCG, cells were transfected with Nrf2 siRNA for 
gene knockdown in the present studies. Interestingly, the 
effects of EGCG on NF-κB and ABCA1 were marked, but 
not totally abrogated by silencing the Nrf2. It is possible that 
another regulatory mechanisms contribute to the effects of 
EGCG. Nrf2 is a major target degraded by Keap1, which was 
also reported to repress NF-κB function by inducing IKKβ 
degradation (33,34), we questioned whether the NF-κB 
inhibitive function of EGCG might be related partially 
to Keap1. Consequently, our results have confirmed the 
hypothesis. Knockdown of Keap1 attenuated the effects of 
EGCG, and the levels of IKKβ proteins were also altered in 
the presence or the absence of Keap1. Thus, EGCG attenu-
ates the NF-κB transcriptional activity and downregulation 
of ABCA1, which were induced by TNF-α, partially through 
the Keap1-induced IKKβ degradation in THP-1 macrophage 
cell lines. During this period, Keap1 functions as a CUL3-
based E3 ligase of IKKβ and induce IKKβ ubiquitination 
(33). A similar conclusion was obtained recently by others 
that Keap1 is involved in the negative regulation of NF-κB 
signaling through the inhibition of IKKβ phosphorylation 
and the mediation of autophagy-dependent IKKβ degrada-
tion (34). Of interest, this effect of Keap1 on IKKβ was 
confirmed to exist only in human, chimpanzee, and dog and 
not in rat or mouse (33).

In the present studies, it is clear that EGCG plays its 
effects through promoting the dissociation of Nrf2 from 
Keap1, yet whether EGCG directly interacted with Nrf2 or 
Keap1 resulting in the dissociation is still unclear. In view of 
other previous studies, one possibility is that electrophiles of 
EGCG acting as a phase 2 enzyme inducers directly interact 
with the highly reactive cysteine residues of Keap1 thereby 
causing conformational changes of this repressor protein, 
which abrogates the capability of Keap1 to aid proteasomal 
degradation of Nrf2 (48-52). It is also plausible that reactive 
forms of EGCG conjugate with GSH, a most abundant endog-
enous antioxidant in eukaryotic cells and a major player in 
the regulation of the cellular redox state, thereby reducing the 
level of cellular GSH, which may result in transient disrup-
tion of redox-status with concomitant activation of MAPK 
cascades triggering Nrf2 phosphorylation (53-56). Therefore, 
further studies are required to more specifically address these 
possibilities.

In conclusion, the present study outlines, under a TNF-α-
induced inflammatory pathological condition, a previously 
unrecognized role for EGCG and Nrf2/Keap1 pathway in 
the regulation of ABCA1 expression and cholesterol efflux in 
THP-1 macrophage-derived foam cells. Furthermore, although 
more detailed mechanisms remained to be further elucidated, 
the investigation of Nrf2/Keap1 pathway has provided impor-
tant basic insights into the anti-inflammatory effects of EGCG, 
as well as the identification of a novel potential therapeutic role 
for prevention of atherosclerosis.
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