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Abstract
Epigallocatechin gallate (EGCG), the primary catechin in green tea, has improved cholesterol metabolism. However, the 
molecular mechanisms of EGCG underlying these functions are not fully understood. In this study, we aimed to investigate 
the molecular mechanisms underlying EGCG’s effect on low-density lipoprotein (LDL) in HepG2 cells. Real-time PCR and 
Western blot analysis were used to determine the mRNA and protein levels in the human hepatoma cell line (HepG2). LDL 
uptake assay was used to quantify the low-density lipoprotein receptor (LDLR) function. EGCG induced significantly up-
regulated LDLR protein and mRNA levels in HepG2 cells (P < 0.05). Both at the transcriptional level and at the protein level, 
EGCG can significantly (P < 0.05) down-regulate the elevated expression levels of liver X receptor α (LXRα) and inducible 
degrader of the LDLR (Idol) due to 25-OHC. Fluorescence results showed that EGCG induction could also significantly 
increase LDL uptake (P < 0.05). EGCG regulates LDL uptake through the LXRα-LDLR pathway, and EGCG can effectively 
improve the abnormal expression of protein and mRNA induced by 25-OHC.
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EC  Epicatechin
ECG  Epicatechin gallate
EGC  Epigallocatechin
EGCG   Epigallocatechin gallate
25-OHC  25-Hydroxycholesterol
FBS  Fetal bovine serum
SDS  Sodium dodecyl sulfate
ECL  Enhanced chemiluminescence
PBS  Phosphate-buffered saline

Introduction

Atherosclerotic cardiovascular disease (ASCVD) is the lead-
ing cause of human death. Excessive low-density lipopro-
tein cholesterol (LDL-c) is the most significant risk factor 
for the development of atherosclerosis (AS) and ASCVD 
[11, 16]. The low-density lipoprotein receptor (LDLR) is 
a cell surface receptor expressed primarily in the liver that 
clears LDL particles from plasma through receptor-medi-
ated endocytosis. Inadequate LDLR function can lead to an 
increase in plasma LDL-c concentration and premature ath-
erosclerosis [6]. Although statins can reduce cardiovascular 
events by lowering LDL-c levels, they are highly variable 
and reduce patient adherence to treatment, so additional or 
alternative LDL-c-lowering treatments are urgently needed 
[18]. The discovery of the protein invertase subtilin/ketoin 
type 9 (PCSK9) at the beginning of this century effectively 
made up for the lack of statins, PCSK9 is a plasma pro-
tein mainly produced and secreted by the liver, which can 
affect the plasma concentration of LDL-c by regulating 
LDLR, PCSK9 inhibitors are important new drugs to reduce 
LDL-c levels and treat ASCVD [17]. PCSK9 is the main 
post-translational regulator of LDLR, in addition, myosin 
regulates light chain interacting protein (Mylip)/inducible 
degrader of the LDLR (Idol) (also known as Mylip/Idol) 
is also LDL translation regulator, PCSK9 and Mylip/Idol 
proteins enhance LDLR degradation, thereby hindering LDL 
clearance from plasma [12]. PCSK9 and Mylip/Idol proteins 
induced LDLR degradation, and it is of great significance to 
elucidate the effect of LDLR on disease progression.

PCSK9 binds to the extracellular domain of LDLR on the 
surface of hepatocytes and interferes with LDLR recycling 
back into the cell membrane after endocytosis [5]. Blood 
PCSK9 levels were positively correlated with AS risk, and 
PCSK9 relies on lipid regulation and inflammatory regu-
lation to promote the development of AS. The increase in 
LDL-c concentration in the blood is the main reason for the 
increase of lipids, LDLR can bind to LDL-c to reduce the 
level of LDL-c in the blood, and the liver abnormally pro-
duces a large amount of PCSK9, and the increased PCSK9 
binds to the LDL-c-LDLR dimer and promotes its degra-
dation in lysosomes through the nest protein-dependent 

mechanism, resulting in downregulation of LDLR on the 
surface of hepatocytes, which will aggravate the increase of 
blood LDL-c concentration [1]. The inflammatory modula-
tion effect of PCSK9 is mainly reflected in promoting the 
differentiation of T cells into Th1 and Th17 subsets, result-
ing in increased secretion of inflammatory factors such as 
interferon γ (IFN-γ) and interleukin-17A (IL-17A), while 
promoting the interaction between LDLR and T cell receptor 
(TCR), and promoting the differentiation of CD8 + T cells 
into cytotoxic T lymphocytes [15]. As another important 
degradant of LDLR, Idol is an E3 ubiquitin ligase, which can 
trigger ubiquitination of the LDLR cytoplasmic domain, pro-
mote lysosomal degradation and trigger LDLR degradation 
[7]. Idol is regulated by another sterol-dependent nuclear 
receptor, liver X receptor α (LXRα), which is activated when 
cellular cholesterol is excessive, and the mechanism of Idol 
regulating LDLR is shown in Fig. 1 [24]. At present, most 
of the relevant research on LDLR focuses on PCSK9, while 
the relevant research on LDLR regulation by Idol is not suf-
ficient, and the relevant mechanism of Idol regulation of 
LDLR still needs to be further elucidated.

Green tea, or unfermented tea, is a beverage consumed 
worldwide with the highest content of flavonoids. Stud-
ies have shown that regular consumption of green tea can 
reduce cardiovascular disease (CVD) morbidity and mor-
tality [19, 22]. Catechins are the main forms of flavonoids 
and are composed of epicatechin (EC), epicatechin gallate 
(ECG), epigallocatechin (EGC), and epigallocatechin gallate 
(EGCG) [2]. Due to its potency and relative content, EGCG 
is considered the main active compound in green tea [9]. 
Study has shown that EGCG can affect LDLR and PCSK9 
expression [23], and whether EGCG can affect Idol expres-
sion is not clear, and the detailed molecular mechanism of 
EGCG activating LDLR is not clear.

Hence, the aim of this study was to elucidate the effect of 
EGCG on LDLR and Idol expression in HepG2 cells, thus 
providing a theoretical basis for the development of EGCG 
as a new drug for the treatment of ASCVD.

Materials and methods

Materials

Antibodies specific to the following proteins were obtained 
from Abcam (UK): LDLR (Abcam, #ab52818), LXRα 
(Abcam, #ab176323) and Idol (Abcam, #ab74562). GAPDH 
(#2118S, 1:1000) was obtained from Cell Signaling Tech-
nology (USA). EGCG (Sigma, #E4143) was obtained from 
Sigma (USA). Dil-LDL (Yiyuan biotechnology, # YB-0011) 
was purchased from Yiyuan biotechnology (China).
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Cell culture

The human hepatoma cell line HepG2 was obtained from 
American Type Culture Collection and cultured in mini-
mum essential eagle medium supplemented with 10% fetal 
bovine serum (FBS). All cells were maintained in a 5%  CO2 
humidified atmosphere at 37 ℃.

RNA preparation and real‑time qPCR

The RNA was isolated with Trizol (Invitrogen Life Technol-
ogies, California, USA) and reverse-transcribed to cDNA. 
The mRNA expression of LDLR, LXRα and Idol was deter-
mined by real-time PCR using specific primers, which were 
obtained from NCBI website (https:// www. ncbi. nlm. nih. 
gov/). The SYBR Green real-time quantitative PCR assays 
were performed on a Lightcycler 480 II instrument (Roche 
Applied Science), and the melt curve was done. The quan-
titative analysis of mRNA expression was performed via 
 2−ΔΔCt method. The primer sequences are listed in Table 1.

Western blotting

At each time point, cells were harvested, washed with PBS, 
and homogenized with lysis buffer (50 mM Tris–HCl, pH 
8.0, 5 mM EDTA, 150 mM NaCl, 0.5% NP-40, 0.5 mM 
dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride), 
followed by shaking for 30 min at 4 ℃. Lysates were then 
centrifuged at 12,000 g for 10 min and supernatant was 
collected and quantified. Equal amounts of protein extract 
(20 μg or as indicated) were electrophoresed on a sodium 
dodecyl sulfate (SDS) polyacrylamide gel and transferred to 
a PVDF membrane (Millipore). The membrane was blocked 
with Tris-buffered Solution (20 mM Tris–HCl, 150 mM 
NaCl, and 0.1% Tween-20) containing 5% BSA for 1 h and 
probed with antibodies specific for LDLR (1:3000), LXRα 
(1:1000), Idol (1:1000) and GAPDH (1:10,000), respec-
tively, at 4℃ overnight, followed by incubation with the 
corresponding secondary antibodies (Proteintech, Chicago, 
USA). The bands were visualized with enhanced chemilumi-
nescence (ECL) on a Fuji LAS4000 (GE Healthcare).

Fig. 1  Hepatocytes Idol 
regulates LDL-c related mecha-
nisms. After the activation of 
LXR in the nucleus of hepato-
cytes, it promotes the increase 
of Idol expression. Extracellular 
LDL-c and cell membrane 
indicate LDLR binding, LDLR 
carries LDL-c to hepatocyte 
lysosomes for breakdown, and 
then LDLR continues back to 
the cell membrane surface to 
bind to new LDL-c. LDLR 
binds to Idol during its return to 
the surface of the cell mem-
brane, resulting in a decrease 
in LDLR quantity and lower 
LDL-c uptake

Table 1  Real-time PCR primer 
sequences

Genes Primer sequences Size (bp)

LDLR Forward primer 5’-GAC GTG GCG TGA ACA TCT G-3’ 257
100Reverse primer 5’-CTG GCA GGC AAT GCT TTG G-3’

Idol Forward primer 5’-GAG AAA CCG GAT CTC CCA GC-3’ 167
257Reverse primer 5’-TCT CCA AAC TTG GTC TGG GC-3’

LXRα Forward primer 5’-GCA AAC ATT CCT GGG AGC TG-3’ 100
Reverse primer 5’-GAC ACA GCA CAG TGT TAG CG-3’

GAPDH Forward primer 5’-TGA CTT CAA CAG CGA CAC CCA-3’ 121
Reverse primer 5’-CAC CCT GTT GCT GTA GCC AAA-3’

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/


 The Nucleus

LDL uptake assay

HepG2 cells were incubated in serum-deficient medium 
for 24 h, then 25-OHC was added to the serum-containing 
medium for an additional 30 min, followed by the addition 
of EGCG of different concentrations (10, 25, 50 μM).To 
measure LDL uptake, Dil-LDL (20 μg/mL) (with red flu-
orescence) was added, followed by incubation at 37℃ for 
4.5 h. The cells were washed with phosphate-buffered saline 
(PBS) three times. The LDLR activity of the HepG2 cells 
was determined by detecting the red fluorescence of the cells 
via a fluorescence microscope. The average fluorescence 
intensity was calculated by ImageJ software for quantitative 
analysis of LDL-uptake.

Statistical analysis

The continuous variables were presented as mean ± SEM. 
Student’s t-test was used to compare the difference between 
the two groups, and one-way ANOVA followed by Dunnett’s 
Multiple Comparison Test was used to compare the differ-
ence for more than two groups. P < 0.05 was considered 
statistically significant.

Results

EGCG increased the amount of LDLR protein 
and mRNA in HepG2 cells

25-OHC inhibits the expression of LDLR proteins and 
mRNA. We used Western blot to investigate whether EGCG 

Fig. 2  EGCG promotes LDLR 
expression and 25-OHC inhibits 
this effect. A, B WB assays 
shows that the expression of 
LDLR protein in HepG2 cells 
can be promoted by EGCG 
treatment, and this effect can 
be reversed by 25-OHC. C, D 
RT-qPCR shows that EGCG 
facilitates mRNA level of 
LDLR, and 25-OHC supple-
ment can abate EGCG-induced 
increased LDLR mRNA level. 
*P < 0.05
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affects LDLR protein levels, and further verified whether 
EGCG can restore LDLR protein expression while 25-OHC 
inhibits LDLR protein expression (Fig. 2A, B). Real-time 
PCR detected the abundance of LDLR mRNA in HepG2 
cells exposed to EGCG for 24 h and verified whether EGCG 
played a role in restoring LDLR mRNA expression (Fig. 2C, 
D). We observed concentration-dependent upregulation of 
LDLR protein levels in EGCG-treated cells alone (Fig. 2A), 
and 25-OHC (10 μmol/L) treatment reduced LDLR protein 
expression by 50% (P < 0.05) compared to DMEM-cultured 
HepG2 cells, and co-treatment with 25-OHC and EGCG 
significantly (P < 0.05) upregulated LDLR protein lev-
els (Fig. 2B). LDLR mRNA levels in EGCG-treated cells 
also showed a significant upward trend with the increase of 
EGCG concentration (P < 0.05) (Fig. 2C), 25-OHC reduced 
LDLR mRNA expression by 51%, and 25-OHC and EGCG 
co-treatment also significantly upregulated LDLR mRNA 
levels (P < 0.05) (Fig. 2D).

EGCG exerted a down‑regulation effect 
on the expression of Idol

Idol expression is detected at both mRNA and protein levels. 
In HepG2 cells cultured at different concentrations of EGCG 
only, there was no significant difference in the expression 
of Idol protein (P > 0.05) (Fig. 3A). Compared to DMEM-
cultured HepG2 cells, 25-OHC (10 μmol/L) increased the 
expression of Idol protein (P < 0.05). The combination of 
25-OHC and EGCG significantly downregulated Idol protein 
in a dose-dependent manner (P < 0.05) (Fig. 3B). There was 
also no significant difference in Idol mRNA when treated 
with EGCG alone (P > 0.05) (Fig. 3C). Idol mRNA expres-
sion was increased by 80% after 25-OHC culture compared 
to DMEM-cultured HepG2 cells (P < 0.05). The combina-
tion of 25-OHC and EGCG significantly downregulated Idol 
mRNA compared to 25-OHC treatment alone and was dose-
dependent (P < 0.05) (Fig. 3D).

Fig. 3  Idol expression in 
HepG2 cells cannot be affected 
by EGCG, but can be down-
regulated by the combination of 
EGCG with 25-OHC. A, B WB 
assays shows that the expres-
sion level of Idol protein in 
HepG2 cells cannot be affected 
by EGCG treatment, but can be 
significantly down-regulated 
by 25-OHC combined with 
EGCG. C, D RT-qPCR shows 
that EGCG have no impact 
on mRNA level of Idol, but 
25-OHC combined with EGCG 
can decrease Idol mRNA level. 
*P < 0.05
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EGCG exerted a down‑regulation effect 
on the expression of LXRα

Since EGCG downregulated the expression of Idol, we 
detected changes in the upstream nuclear receptor LXRα 
of Idol. Only in HepG2 cells cultured at different con-
centrations of EGCG, there was no significant difference 
in the expression of LXRα protein (P > 0.05) (Fig. 4A). 
Compared with DMEM-cultured HepG2 cells, 25-OHC 
(10 μmol/L) treatment increased LXRα protein expression 
by 67% (P < 0.05), and 25-OHC and EGCG co-treatment 
significantly downregulated LXRα protein levels (P < 0.05) 
(Fig. 4B). In EGCG-cultured HepG2 cells, there was no 
significant difference in expression levels at LXRα mRNA 
(P > 0.05) (Fig. 4C). The expression of LXRα mRNA was 
increased by 25-OHC treatment, and it was significantly 
downregulated after co-treatment with 25-OHC and EGCG 
(P < 0.05) (Fig. 4D).

EGCG‑induced LDL‑uptake in HepG2 cells

Dil-LDL (with red fluorescence) uptake experiments were 
used to investigate the effect of EGCG on the uptake of 
extracellular LDL by HepG2 cells. Treatment with EGCG 
alone, we found that EGCG induced LDL uptake in a con-
centration-dependent manner (P < 0.05) (Fig. 5A). 25-OHC 
inhibited LDL uptake, and co-treatment with EGCG weak-
ened the inhibition of LDL uptake, and EGCG treatment sig-
nificantly increased LDL absorption, which was associated 
with LDLR protein changes (P < 0.05) (Fig. 5B).

Discussion

The results of this study showed that EGCG, the main com-
ponent in green tea, has the effect of regulating the expres-
sion of LXRα, Idol and LDLR in HepG2 cells. The effects 
of EGCG on the expression of LXRα, Idol and LDLR can be 
reflected at the transcriptional level and protein level, which 
indicates that EGCG can not only affect the transcription of 

Fig. 4  LXRα expression in 
HepG2 cells cannot be affected 
by EGCG, but can be down-
regulated by the combination of 
EGCG with 25-OHC. A, B WB 
assays shows that the expres-
sion level of LXRα protein in 
HepG2 cells cannot be affected 
by EGCG treatment, but can be 
significantly down-regulated 
by 25-OHC combined with 
EGCG. C, D RT-qPCR shows 
that EGCG have no impact 
on mRNA level of LXRα, but 
25-OHC combined with EGCG 
can decrease LXRα mRNA 
level. *P < 0.05
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genes, but also has no effect on the translation of mRNA, 
so that the expression of LXRα, Idol and LDLR proteins is 
consistent with the expression of mRNA [4].

LXRα is essential in the adipoietic response, where 
LXRα is the core of cholesterol homeostasis, and activa-
tion of LXRα induces genes involved in cholesterol leak-
age, blocking LDL-c uptake [21]. LXRα has also been 
shown to regulate the immune response of macrophages, 
including those in the liver [3]. As a lipid-driven low-
grade chronic inflammatory disease of blood vessel wall, 
the lipid metabolism and immune regulation regulated by 
LXRα indicate that LXRα is an important gene influenc-
ing the progression of ASCVD [10]. 25-OHC is produced 

by cholesterol and plays an important role in cholesterol 
metabolism, and can act as an endogenous LXRα ligand, 
induce LXRα activation, and then participate in lipid 
metabolism and inflammatory responses, thereby affect-
ing the ASCVD process [14]. In HepG2 cells treated with 
25-OHC and EGCG, the expression of LXRα protein 
and mRNA could recover the initial expression with the 
increase of EGCG concentration, which is consistent with 
the results of Wang et al. [20].

Idol is an E3 ubiquitin ligase that triggers ubiquitina-
tion of LDLR and promotes its internalization and deg-
radation due to its unique c-terminal ring domain, which 
is directly regulated by LXRα [13]. The low-density 

Fig. 5  EGCG induces LDL-uptake in HepG2 cells, which can be 
reversed by 25-OHC. A LDL uptake assay shows that the ability of 
LDL-uptake in HepG2 cells can be promoted by EGCG. B 25-OHC 

supplement can inhibit the promotion of LDL-uptake in HepG2 cells 
induced by EGCG. White arrow represents EGCG uptake. *P < 0.05 
(color figure online)
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lipoprotein receptor (LDLR), an intact membrane protein 
most abundantly expressed in the liver, binds to circulat-
ing LDL-c and clears it by endocytosis. Therefore, the 
expression of LDLR in hepatocytes is inversely correlated 
with plasma LDL-c levels [4]. In HepG2 cells treated with 
25-OHC and EGCG, the expression of Idol and LDLR 
proteins and mRNA could recover the original expression 
with the increase of EGCG concentration, which has been 
confirmed in previous related studies [8]. These results 
suggest that EGCG also has the effect of improving the 
expression of Idol and LDLR, thereby improving the lipid 
metabolism abnormalities and inflammatory response 
caused by 25-OHC.

Although EGCG has been shown to play an important 
role in regulating the LXRα-LDLR pathway, and has a 
significant regulatory effect on the three important pro-
teins in this pathway, both transcription level and protein 
level, there are still some unelucidated problems in this 
study. Firstly, we only explored the role of EGCG HepG2 
cells. No experiments have been carried out on animals. 
Secondly, we did not further investigate the interaction 
between EGCG and LXRα-LDLR axis in hepatocellular 
carcinoma in vivo. Thirdly, the specific site of EGCG in 
the LXRα-LDLR pathway is not clear, which still needs 
to be elucidated and supplemented by a large number of 
studies. In the next step, we will explore the effect and 
mechanism of EGCG-LXRα-LDLR in hepatocellular car-
cinoma by conducting animal experiments.

Nonetheless, this study confirms that EGCG can effec-
tively alleviate abnormal expression in the LXRα-LDLR 
axis due to 25-OHC at the transcriptional level and protein 
level.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13237- 024- 00491-5.
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