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Epidemiological and animal studies have found that green tea is associated with lower plasma
cholesterol. This study aimed to further elucidate how green tea modulates cholesterol metabolism.
When HepG2 cells were incubated with the main green tea constituents, the catechins, epigallocatechin gallate (EGCG) was the only catechin to increase LDL receptor binding activity (3-fold) and
protein (2.5-fold) above controls. EGCG increased the conversion of sterol regulatory element binding
protein-1 (SREBP-1) to its active form (+56%) and lowered the cellular cholesterol concentration
(-28%). At 50 µM, EGCG significantly lowered cellular cholesterol synthesis, explaining the reduction
in cellular cholesterol. At 200 µM EGCG, cholesterol synthesis was significantly increased even though
cellular cholesterol was lower, but there was a significant increase seen in medium cholesterol. This
indicates that, at 200 µM, EGCG increases cellular cholesterol efflux. This study provides mechanisms
by which green tea modulates cholesterol metabolism and indicates that EGCG might be its active
constituent.
KEYWORDS: Catechins; cholesterol; cholesterol synthesis; lathosterol; SREBP-1

INTRODUCTION

Hypercholesterolemia is one of the major risk factors for the
development of atherosclerosis. Epidemiological studies (1, 2)
have identified that drinking green tea is associated with lower
plasma cholesterol concentrations. Animal intervention studies
have also found that green tea and green tea extracts exhibit
hypocholesterolaemic (3-9) as well as anti-atherogenic effects
(9, 10).
Green tea contains an abundance of polyphenolic compounds
called catechins, with the four main types being (-)-epicatechin
(EC), (-)-epigallocatechin (EGC), (-)-epicatechin gallate
(ECG), and (-)-epigallocatechin gallate (EGCG). Of these,
EGCG is the most abundant, accounting for 58% of the total
catechins (3).
Catechins account for more than 30% of the solids in a normal
infusion of green tea (11, 12) and might therefore be the active
constituents in green tea that produce the hypocholesterolaemic
effects described. In support of this hypothesis, studies in mice
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and rats have observed that purified tea catechins, (-)epicatechin gallate and (-)-epigallocatechin gallate, lower
plasma cholesterol and reduce atherosclerosis (4, 13, 14).
In a study by Chisaka et al. (13), it was found that EGCG
enhanced the removal of intravenously injected 14C-cholesterol
from plasma in rats. This increased clearance rate of cholesterol
might have been due to an increase in the expression of the
LDL receptor, as this is the main mechanism by which
cholesterol is removed from the circulation (15). In support of
this hypothesis, Bursill et al. (16) found that both freshly boiled
green tea and a green tea extract enriched in catechins
significantly increased LDL receptor binding activity and protein
and mRNA levels of cultured human (HepG2) cells. Green tea
also increased the conversion of sterol regulatory binding
protein-1 (SREBP-1) from its inactive precursor form to its
active transcription factor. In support of these findings, Kuhn
et al. (17) found that EGCG and ECG were able to increase
both LDL receptor protein expression and the active form of
SREBP-2 in HepG2 cells with subsequent increases in LDL
receptor gene transcription. Such an activation of SREBPs might
explain the hypocholesterolaemic effects of green tea.
In the present study, we aimed to further elucidate how
purified green tea catechins modulate cholesterol metabolism.
HepG2 cells were incubated with individual purified catechins
to determine their effects on the LDL receptor and SREBP-1,
as well as cellular cholesterol synthesis and concentration.

10.1021/jf051736o CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/04/2006

1622

J. Agric. Food Chem., Vol. 54, No. 5, 2006

MATERIAL AND METHODS
Materials. (-)-Epicatechin (EC), (-)-epicatechin gallate (ECG),
(-)-epigallocatechin (EGC), (-)-gallocatechin gallate (GCG), and
epigallocatechin gallate (EGCG) were purchased from Sigma Chemical
Company, Castle Hill, NSW, Australia. The green tea catechin extract
used in this study was prepared as previously described (16) by the
method of Huang et al. (18) from commercially available “Special
Gunpowder” green tea packaged by the China National Native Products
and Animal Byproducts Import and Export Corporation, Zhejiang Tea
Branch, China. The extract contained at least 58% (w/w) catechins,
and the composition of the measured constituents was as follows: 30%
EGCG, 21% ECG, 10% caffeine, 6% moisture, 4% EGC, 2% EC, 1%
GCG, and 0.5% theanine.
HepG2 Cell Culture. HepG2 cells were grown in monolayer
cultures to near confluency in 75-cm2 flasks with 10 mL of Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% (v/v) fetal calf
serum (DMEM/FCS) at 37 °C with 5% CO2 (17, 19). Cells were then
incubated for 24 h in 75-cm2 flasks with 10 mL of DMEM/FCS
containing different amounts (0-200 µM) of the purified catechins or
the green tea catechin extract [100 µM equivalence of (-)-epigallocatechin gallate]. Three flasks of cells were treated with each dose of
purified catechin or green tea catechin extract.
LDL Receptor Binding Activity. Following incubation, the cells
from each flask were harvested and resuspended in phosphate-buffered
saline (PBS), and the protein content was determined (20). Determination of the specific LDL receptor binding activity was measured by
the method of Roach et al. (21). The intact HepG2 cells (100 µg of
protein) were incubated for 1 h at room temperature with LDL-gold
conjugates (20 µg of protein/mL) in the absence and presence of 20
mM EDTA to determine total and nonspecific binding, respectively.
After 1 h, the cells were pelleted by centrifugation, washed, and
resuspended in 4% (w/v) gum arabic, and a silver enhancement IntenSE
BL kit solution (Amersham, Sydney, Australia) was then added. The
silver enhancement reaction and absorbance measurements (500 nm)
were carried out using a Cobas Bio autoanalyzer (Roche Diagnostica,
Nutley, NJ). The amount of LDL bound to the cells is expressed as
nanograms of LDL protein bound per milligram of cell protein (ng of
LDL/mg of cell protein). Duplicate determinations were made for both
total and nonspecific binding, and the specific binding (total binding
minus nonspecific binding) was taken to be the measure of LDL
receptor binding activity.
LDL Receptor Protein. Determination of the LDL receptor protein
was done by Western blotting with a polyclonal anti-LDL receptor
antibody (22). Cells were frozen at -80 °C for at least 24 h and slowly
thawed when required for experimentation. Thawed cells were pelleted
by centrifugation at 400g for 10 min and resuspended in 200-225 µL
of solubilization buffer (250 mM tris-maleate, pH 6.0, 2 mM CaCl2, 1
mM phenylmethylsulfonyl fluoride, and 1 mM N-ethylmaleimide) to
make a total volume of 300 µL in 1.5-mL plastic eppendorf tubes. To
this was added 90 µL of 5% Triton X-100, after which the mixture
was vortexed, and the unsolubilized cell matter was removed by
pelleting, using centrifugation at 400g for 15 min in a swinging-bucket
centrifuge. The protein content of the solubilized cell supernatant was
measured (20). The solubilized cell samples (100 µg) were subjected
to electrophoresis on 3-15% SDS-polyacrylamide gradient gels (23)
and electrotransferred onto nitrocellulose filter membranes (MSI,
Westborough, MA) (24). The membranes were overlaid with a
polyclonal antibody against the LDL receptor followed by an antirabbit IgG antibody conjugated to horseradish peroxidase (Sigma, St.
Louis, MO). The LDL receptor band was detected on X-ray film
(Hyperfilm-ECL, Amersham, North Ryde, NSW, Australia) using an
enhanced chemiluminescence (ECL) kit from Amersham (25). Quantification of the LDL receptor protein on film was performed using an
LKB Ultroscan XL enhanced laser densitometer and Gelscan computer
program (Pharmacia LKB Biotechnology, North Ryde, NSW, Australia). Results are expressed as peak areas as determined from the
densitometer scan.
Cholesterol, Lathosterol, and Chenodeoxycholic Acid. Cells were
frozen at -80 °C for at least 24 h and slowly thawed when required
for experimentation. Thawed cells were subjected to centrifugation for
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5 min at 400g. They were then homogenized by being resuspended in
1 mL of SDS buffer (0.1% SDS, 1 mM EDTA and 0.1 M Tris base,
pH 7.4) and taken up in a syringe with an 18-gauge needle 6-8 times.
Protein content was then determined (20).
Total cholesterol (esterified plus free) and lathosterol concentrations,
as an index of cholesterol synthesis (26), were measured in cells by
gas-liquid chromatography as described by Wolthers et al. (27). To
measure unesterified cholesterol, the saponification step was omitted.
The cholesterol and lathosterol concentrations are expressed relative
to the amount of cell protein (mg/mg of cell protein and µg/mg of cell
protein, respectively).
In the medium, concentrations of cholesterol and chenodeoxycholic
acid, a bile acid present in HepG2 cell medium, were also determined.
For cholesterol, 10 mL of the medium was reduced to near dryness
using a Savant SpeedVac SC100 apparatus (Selby Anax, Adelaide,
Australia), resuspended in 1 mL of water, and analyzed as for cells
(27). For chenodeoxycholic acid, the cells were grown to near
confluency in 75-cm2 flasks as described above, except DMEM medium
free of phenol red was used (28). After the 24-h EGCG incubation,
media from two flasks were combined, and bile acids were extracted
from the 20 mL of medium by passage through a reverse-phase C18
cartridge (Waters Associates, Milford, MA). The cartridge was washed
with 10 mL of water and 5 mL of 10% (v/v) methanol, and the bile
acids were eluted with 10 mL of 85% (v/v) methanol (29). The samples
were dried under a stream of nitrogen, and the bile acids were
methylated, derivatized with trifluroacetic anhydride, and analyzed by
gas chromatography using lithocholic acid as the internal standard (29).
Because of the low concentration of bile acids in the medium of the
Hep G2 cells, only chenodeoxycholic acid was successfully detected.
This was quantified using a standard curve and calculated with respect
to the internal standard (lithocholic acid).
SREBP-1. Five 75-cm2 flasks per treatment group were harvested,
and the cells were pelleted by centrifugation at 500g for 10 min. The
cells were then fractionated by the method of Wang et al. (30, 31).
Aliquots (150 µg) of the resulting nuclear and membrane fractions were
diluted with twice the volume of loading buffer (23) and then boiled
for 3 min. Once cooled, samples were run on 8% SDS PAGE gel (23)
and then transferred at 20 V overnight onto nitrocellulose membranes
(4 °C). The membranes were overlayed with a polyclonal antibody
against the SREBP-1 protein (K-10, 1:200 dilution, Santa Cruz
Biotechnology, Santa Cruz, CA), followed by a secondary antibody
conjugated to horseradish peroxidase (1:5000 dilution, Sigma, St. Louis,
MO). The inactive precursor and active transcription factor form of
SREBP-1 were detected on X-ray film (Hyperfilm-ECL, Amersham,
North Ryde, NSW, Australia) using enhanced chemiluminescence
(SuperSignal Substrate, Rockford, IL) and laser densitometry.
Statistical Analyses. Results are expressed as mean ( standard error
of the mean (SEM). Statistical evaluation was done using either a linear
regression or a two-tailed Student t-test, comparing the control with
the different treatment groups where appropriate. A value of p < 0.05
was the criterion of significance.
RESULTS

Catechins and the LDL Receptor. To confirm that the
catechins are the active constituents in green tea that upregulate
the LDL receptor, the main catechins (100 µM) in green tea
and a green tea extract (positive control) were included
separately in the medium of HepG2 cells. Incubation with the
green tea extract (positive control) significantly increased LDL
receptor binding activity (+86%, p < 0.05) above control levels
(Figure 1). Incubation with EGCG (100 µM) resulted in a
significant 2-fold increase in LDL receptor binding activity (p
< 0.05). The other main catechins tested (i.e., EC, ECG, EGC,
100 µM) had no effect on LDL receptor binding activity.
When cells were incubated with increasing concentrations
of EGCG (1-200 µM), LDL receptor binding activity was
significantly increased up to 3-fold (p < 0.05) in the highestdose treatment group of 200 µM (Figure 2A). There was a
positive linear trend between LDL receptor binding activity and
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Figure 1. Comparison of purified catechins from green tea and a green
tea extract in terms of LDL receptor binding activity. HepG2 cells were
incubated for 24 h with 100 µM purified catechins or 100 µM EGCG
equivalent of a green tea extract in 10 mL of medium. The LDL receptor
binding activity was measured as the calcium-dependent binding of LDLgold to the intact cells. Each value represents the mean ± SEM of triplicate
cell incubations. The asterisks (/) denote a significant difference compared
to control (p < 0.05).
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Figure 3. Dose-dependent effects of EGCG on intracellular total and free
cholesterol concentrations. The HepG2 cells were incubated for 24 h with
increasing amounts of EGCG, 0−200 µM in 10 mL of medium.
Homogenized cells were extracted with hexane, and total (b) and
unesterified ([) cholesterol were analyzed using gas chromatography
and expressed relative to cell protein. Each value represents the mean ±
SEM of triplicate cell incubations.

Figure 4. Effect of EGCG on SREBP-1 protein. HepG2 cells were
incubated for 24 h with either 0 (control, lanes 1−4) or 200 µM (lanes
5−8) EGCG in 10 mL of medium. Cell extracts (150 and 200 µg) of
nuclear (lanes 1, 2, 5, 6) and microsomal membrane (lanes 3, 4, 7, 8)
fractions were subjected to electrophoresis on an 8% SDS PAGE gel
and electrotransferred onto nitrocellulose. The SREBP-1 precursor (P,
from microsomal membrane fraction) and mature (M, from nuclear fraction)
forms were detected using a polyclonal antibody and the ECL western
blot method. Each value represents the mean ± SEM of triplicate cell
incubations.

Figure 2. Dose-dependent effect of EGCG on (A) LDL receptor binding
activity and (B) protein. HepG2 cells were incubated for 24 h with
increasing amounts of EGCG, 0−200 µM in 10 mL of medium. The LDL
receptor binding activity was measured as the calcium-dependent binding
of LDL-gold to the intact cells. The LDL receptor protein was measured
using a polyclonal antibody against the LDL receptor and the ECL western
blot method. Each value represents the mean ± SEM of triplicate cell
incubations.

the dose of EGCG incubated with the cells (p < 0.01). EGCG
also increased the amount of LDL receptor protein, detected
by blotting with a polyclonal antibody against the LDL receptor
(Figure 2B). The scanned peak area was up to 2.5-fold greater
in the highest-dose treatment group of 200 µM (6.10 ( 0.75
arbitrary absorbance units) compared to the control (2.5 ( 0.12
units). There was a positive linear trend between the amount of

LDL receptor protein and the dose of EGCG incubated with
the cells (p < 0.01).
EGCG and Cellular Cholesterol. Treatment with EGCG
decreased intracellular total cholesterol concentrations by up
to 28% in the highest-dose treatment group of 200 µM (Figure
3). There was a significant inverse linear trend between total
intracellular cholesterol and the dose of EGCG incubated with
the cells (p < 0.05). However, EGCG did not lower intracellular
unesterified cholesterol concentrations (Figure 3).
EGCG and SREBP-1. Treatment with 200 µM of EGCG
resulted in 42% and 56% increases in the active transcription
factor form of SREBP-1 (nuclear cell fraction) compared to the
control for the 150- and 200-µg cell protein samples, respectively. In addition, EGCG treatment decreased the inactive
precursor form of SREBP-1 (membrane fraction) to undetectable
levels (Figure 4).
EGCG, Cholesterol Synthesis, Medium Cholesterol, and
Chenodeoxycholate. A reduction in cholesterol synthesis, a loss
of cholesterol from the cell into the medium, and an increase
in the conversion of cholesterol into bile acids are three factors
that could have decreased the intracellular concentration of
cholesterol in the HepG2 cells (28, 32). Indices of these
cholesterol homeostatic mechanisms were therefore measured.
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Figure 5. (A) Dose-dependent effect of EGCG on cholesterol synthesis.
HepG2 cells were incubated for 24 h with increasing amounts of EGCG,
0−200 µM in 10 mL medium. Lathosterol was extracted from homogenized
cells and measured using gas chromatography. (B) Medium cholesterol
(b) and chenodeoxycholic acid ([) were determined using gas chromatography. Each value represents the mean ± SEM of triplicate cell
incubations. The asterisks (/) denote a significant difference compared
to control (p < 0.05).

Cellular lathosterol concentration, measured as an index of
cholesterol synthesis, was significantly reduced at the lowest
dose of 50 µM EGCG (Figure 5A). However, at the highest
dose of 200 µM, there was a significant increase (50%) in the
cellular lathosterol concentration (Figure 5A).
At the lower doses of 50 and 100 µM EGCG, there was no
effect on the cholesterol concentration in the medium compared
to the control (Figure 5B). At the highest dose of 200 µM,
however, EGCG caused a significant increase (30%) in the
medium cholesterol concentration (Figure 5B). This increased
excretion of cholesterol into the medium at this high dose of
200 µM might explain why the intracellular cholesterol concentrations remained significantly lower despite the 50%
increase in cholesterol synthesis at this dose. There was a strong
correlation (r ) 0.773, p < 0.01) between the cell lathosterol
concentration (Figure 5A) and the medium cholesterol concentration (Figure 5B).
EGCG did not produce any significant changes in the
concentration of chenodeoxycholic acid in the medium (Figure
5B). The lowered intracellular cholesterol concentration (Figure
3) was therefore not likely to be due to an increase in the
conversion of cholesterol to bile acids.
DISCUSSION

The aim of this study was to elucidate how purified green
tea catechins modulate cholesterol metabolism in HepG2 cells.
It was found that EGCG was the only catechin, of the four main
catechins in green tea, to significantly increase the LDL receptor
above the control. It increased both the LDL receptor binding
activity and the relative amounts of LDL receptor protein.
Evidence that this effect can occur at the level of gene
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transcription was also found, as EGCG treatment increased the
active transcription factor form of SREBP-1. These results are
consistent with the study by Kuhn et al. (17), which showed
that EGCG could also increase the active form of SREBP-2
and the LDL receptor protein in treated HepG2 cells. If EGCG
can exhibit the same effects on the liver in vivo and increase
the hepatic LDL receptor, it would explain the enhanced
clearance of 14C-cholesterol from the plasma seen in rats fed
EGCG (13) and the hypocholesterolaemic effects of green tea
in epidemiological and animal intervention studies (1-9).
When cells were incubated with EGCG, cellular cholesterol
was 30% lower than in the control cells. Although a lowering
of cellular cholesterol can trigger an increase in the LDL
receptor through a sterol negative feedback system (15), it is
the unesterified form of cholesterol that is thought to be
regulatory (30, 31). Unesterified cholesterol can be converted
to oxysterols (33), which regulate the activation of SREBPs by
inhibiting their proteolytic cleavage from the endoplasmic
reticulum (34). Normally, when cleaved, the active transcription
factor form of the SREBP is released from the endoplasmic
reticulum and travels to the nucleus, where it can bind upstream
of the LDL receptor and activate transcription (35).
In this study, however, EGCG did not significantly change
unesterified cholesterol concentrations in the cells. This indicates
that the regulatory pool of unesterified cholesterol might not
be measurable in HepG2 cells, as suggested by Havekes et al.
(32). However, in cultured cells, SREBP-1 has been shown to
be sensitive to changes in intracellular sterol levels (36) and
might be a better marker of sterol levels than unesterified
cholesterol itself. Alternatively, as suggested by Kuhn et al. (17),
the mature form of SREBP-1 might have accumulated as a result
of a reduced turnover because its proteolytic degradation by
the chymotrypsin-like activity of the ubiquitin-proteasome was
inhibited by EGCG. Although the findings by Kuhn et al. (17)
were related to SREBP-2, the same is likely to apply to the
degradation of SREBP-1 in the HepG2 cells. However, in
contrast to cells in culture, regulation of the LDL receptor in
vivo appears to be more under the control of SREBP-2 than
SREBP-1 (37).
The decrease in the total cellular cholesterol by EGCG could
have occurred via three mechanisms: an inhibition of cholesterol
synthesis, an increase in the efflux of cholesterol from the cell
to the medium, and an increase in the conversion of cholesterol
to bile acids. At the lowest concentration of EGCG (50 µM),
there appeared to be a decrease in cholesterol synthesis as
measured using cell lathosterol, an index of cholesterol synthesis
(26). At this concentration, EGCG might have inhibited
cholesterol synthesis, which, in turn, might have contributed to
the reduction in cell cholesterol. In support of this hypothesis,
a study by Abe et al. (38) reported that green tea gallocatechins,
including ECGC, were potent inhibitors of squalene epoxidase,
an enzyme in the cholesterol biosynthesis pathway.
In contrast to the lower-dose concentration (50 µM), cholesterol synthesis appeared to be significantly higher in the group
treated with 200 µM EGCG. Nevertheless, cholesterol did not
accumulate within the cells, as the cell cholesterol decreased
by 28%. Rather than having accumulated in the cells, the extra
cholesterol seemed to be in the medium, where its concentration
was increased by +30% over the control. It therefore appears
that, at the highest concentration, EGCG increased the efflux
of cholesterol from the cells into the medium to such an extent
that it caused an increase in cholesterol synthesis but this did
not fully compensate for the loss of cell sterol. There was a
high correlation (r ) 0.773) between cell lathosterol and the
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concentration of cholesterol in the medium, suggesting that the
concentration of cholesterol in the medium was directly linked
to the amount of cholesterol synthesized by the cells. The
increase seen in the SREBP-1 mature form with 200 µM EGCG
is also consistent with the observed increase in cholesterol
synthesis, as SREBP-1 also upregulates the HMG-CoA reductase gene, the rate-limiting enzyme in cholesterol synthesis (31).
Treatment with EGCG did not appear to increase the
conversion of cell cholesterol into bile acids (28), as the
chenodeoxycholic acid content of the medium did not change
significantly. This therefore would not have contributed to a
decrease in cellular cholesterol.
A study by Ikeda et al. (39) found that EGCG formed
insoluble complexes with cholesterol, thereby reducing the
solubility of cholesterol into bile acid micelles. This ability of
EGCG to form complexes with cholesterol might explain the
effects seen in vitro with the highest dose of EGCG (200 µM)
in the present study. At this concentration, EGCG might
complex with enough cholesterol in the medium to render it
essentially cholesterol-deficient. Cholesterol could then move
from the cells into the medium by normal diffusion down the
concentration gradient. This could explain why the concentration
of cholesterol is seen to increase in the medium while the cells
are not able to regain their normal intracellular cholesterol levels,
despite an increase in cholesterol synthesis. This increased
EGCG-mediated excretion of cholesterol from the HepG2 cells
was also unlikely to be due to an increased secretion of apoB100 and cholesterol-containing lipoproteins given that Yee et
al. (40) previously found EGCG to decrease, not increase, the
excretion of apoB-100 from HepG2 cells.
Overall, the effects seen with pure EGCG on cholesterol
metabolism mirror the effects previously observed for green tea
extracts (16). This provides evidence that EGCG is likely to be
the active constituent and is consistent with EGCG being the
most abundant catechin in green tea (3).
In conclusion, EGCG was found to modulate cholesterol
metabolism in HepG2 cells. The LDL receptor was upregulated,
providing a mechanism to explain the hypocholesterolaemic
effects of green tea. EGCG appears to increase the LDL receptor
by increasing the active transcription factor form of SREBP-1.
Cellular total cholesterol was also decreased by treatment with
EGCG. The mechanism for this appears to be inhibition of
cholesterol synthesis at the lower dose (50 µM) and an increase
of the efflux of cholesterol from the cells into the medium at
the highest dose (200 µM). The EGCG polyphenol constituent
of green tea might be a potential therapeutic agent to reduce
plasma cholesterol and atherosclerosis.
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