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Abstract Green tea extracts have hypocholesterolaemic

properties in epidemiological and animal intervention

studies. Upregulation of the low-density lipoprotein (LDL)

receptor may be one mechanism to explain this as it is the

main way cholesterol is removed from the circulation. This

study aimed to determine if a green tea extract could

upregulate the hepatic LDL receptor in vivo in the rat. A

green tea extract (GTE) enriched in its anti-oxidant con-

stituents, the catechins, was fed to rats (n = 6) at concen-

trations of either 0, 0.5, 1.0 or 2.0% (w/w) mixed in with

their normal chow along with 0.25% (w/w) cholesterol for

12 days. Administration of the GTE had no effect on

plasma total or LDL cholesterol concentrations but high-

density lipoprotein significantly increased (41%; p < 0.05).

Interestingly, there was a significant increase in LDL

receptor binding activity (2.7-fold) and LDL receptor

protein (3.4-fold) in the 2% (w/w) treatment group com-

pared to controls. There were also significant reductions in

liver total and unesterified cholesterol (40%). Administra-

tion of the GTE significantly reduced cholesterol absorp-

tion (24%) but did not affect cholesterol synthesis. These

results show that, despite no effect on plasma cholesterol,

the GTE upregulated the LDL receptor in vivo. This ap-

pears to be via a reduction in liver cholesterol concentra-

tion and suggests that the green tea extract was able to

increase the efflux of cholesterol from liver cells.
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Introduction

The low-density lipoprotein (LDL) receptor is a cell sur-

face protein that is present on the outer surface of most

cells, but in particular liver cells. It is the main mechanism

by which cholesterol-carrying LDL can be removed from

the circulation [1]. There is, therefore, much interest in

agents that increase LDL receptor activity and subse-

quently lower plasma cholesterol concentrations. Elevated

LDL cholesterol levels are associated with increased risk of

heart disease, one of the biggest killers in western societies

[2].

There is evidence to suggest that green tea and its anti-

oxidant constituents, the catechins, can upregulate the LDL

receptor. This has evolved from epidemiological studies

[3–5] showing that drinking between 5 and 10 cups of

green tea per day is associated with lower plasma choles-

terol concentrations. Intervention studies in rats, mice and

hamsters have also found that green tea and green tea ex-

tracts enriched in catechins exhibit hypocholesterolaemic

effects [6–10]. An increase in the LDL receptor may be one

mechanism by which to explain this observed cholesterol-

lowering ability of green tea extracts.
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Studies in vitro [11–13] have provided more direct

evidence that green tea extracts and its catechin constitu-

ents can upregulate the LDL receptor and modulate cho-

lesterol metabolism in HepG2 cells. Indirect evidence that

the LDL receptor may be upregulated by green tea extracts

in vivo has also been found [14]. When rats were fed

EGCG, the main catechin in green tea, the removal of

intravenously injected 14C-cholesterol from the plasma was

enhanced. This increase in the plasma clearance of cho-

lesterol may be due to the upregulation of the LDL receptor

[1] but was not assessed.

Currently, the inhibition of cholesterol absorption has

been proposed as the mechanism to explain the cholesterol

lowering effects of green tea in vivo. This is because the

faecal excretion of total lipids and cholesterol were found

to be higher in animals consuming green tea extracts [6, 7,

9]. The EGCG has also been observed to inhibit the uptake

of 14C-cholesterol from the intestine [14]. This apparent

reduction in intestinal cholesterol absorption has been as-

cribed to EGCG reducing the solubility of cholesterol into

mixed bile salt micelles [15]. It has also been found that

hamsters and rats fed green tea extracts had increased

faecal excretion of bile acids [9, 10]. A study in rabbits

found that a green tea extract also inhibited cholesterol

synthesis [16]. Despite these effects on cholesterol

absorption and synthesis, it does not rule out the possibility

that an upregulation of the LDL receptor could also con-

tribute to the hypocholesterolaemic effects of green tea.

Evidence for this has been found in recently published

work, where the administration of a green tea extract to

rabbits significantly increased the hepatic LDL receptor

in vivo [16].

The aims of this study were to determine if adminis-

tration of a crude catechin extract from green tea could

upregulate the hepatic LDL receptor in rats and subse-

quently lower plasma cholesterol in the rat.

Experimental Procedures

Catechin Extract

The crude catechin extract was prepared from commer-

cially available ‘‘Special Gunpowder’’ green tea, packaged

by the China National Native Products and Animal By-

products Import and Export Corporation, Zhejiang Tea

Branch, China. The method used was based on the method

of Huang et al. [17]. Briefly, 15 kg of green tea was ex-

tracted with three volumes (v/w) of methanol at 50 �C for

3 h. Solvent was removed from the extract using a reduced

pressure rotary evaporator. The residue was dissolved in

two volumes of water (v/w) at 50 �C and extracted twice

with equal volumes of hexane (v/v) and once with an equal

volume of chloroform (v/v). The remaining aqueous phase

was then extracted once with an equal volume of ethyl

acetate (v/v) which extracts the polyphenolic compounds

including the catechins. The ethyl acetate was then evap-

orated, the residue redissolved in the minimum amount of

warm water (50 �C) and freeze dried. The extract con-

tained at least 58% (w/w) catechins and the composition of

the measured constituents was: 30% EGCG, 21% ECG,

10% caffeine, 6% moisture, 4% EGC, 2% GCG and 0.5%

theanine.

Animal Study

Twenty-four male Sprague Dawley rats (IMVS, Gillies

Plains, SA, Australia) were housed at the CSIRO Health

Sciences and Nutrition Animal Facility (Kintore Avenue,

Adelaide, SA, Australia) in surroundings of controlled

temperature (20 ± 1 �C) and a 12 h light cycle (0600 to

1800). Ethics approval for the study was obtained from the

University of Adelaide and CSIRO Health Sciences and

Nutrition Animal Ethics Committees.

After an initial plasma collection from the tail vein, the

rats were randomised into four different treatment groups.

The crude catechin extract was mixed in with their normal

rat chow at concentrations of 0, 0.5, 1 or 2% (w/w) along

with 0.25% (w/w) cholesterol and fed to the rats for a

period of 12 days. The rats were weighed every 2 days.

After the 12 days dietary intervention the rats were fasted

overnight prior to sacrifice.

Blood was collected into tubes containing EDTA (final

concentration 1 g/L) from the abdominal aorta of rats un-

der halothane anaesthesia. Plasma was isolated by centri-

fugation at 1,500·g for 10 min and 1 mL aliquots were

frozen at –20 �C for later analysis. Liver tissue was also

excised and immediately frozen in liquid nitrogen.

Plasma Lipid Determinations

The LDL fraction (d = 1.019–1.063 g/mL) was isolated

from 2 mL of plasma by sequential ultracentrifugation.

The high-density lipoprotein (HDL) fraction was obtained

after precipitating apoB containing lipoproteins with

polyethylene glycol 6000 (BDH Chemicals, Kilsyth,

Victoria, Australia). Cholesterol in whole plasma and in

the LDL and HDL fractions was measured on the Cobas

Bio automated centrifugal analyser (Roche, Basel, Swit-

zerland) by enzymatic methods using test kits (Roche

Diagnostica, Basel, Switzerland) [18]. The triglyceride

concentration of the whole plasma was also determined

using enzymatic methods (Roche Diagnostica) on the

Cobas Bio.
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Cholesterol Synthesis and Intrinsic Capacity

to Absorb Dietary Cholesterol

Plasma lathosterol and phytosterols (campesterol and b-

sitosterol) were measured by gas chromatography (GC)

[19]. The ratios of serum lathosterol and phytosterol con-

centrations in the plasma to plasma cholesterol concen-

tration, have been found to correlate with whole body

cholesterol synthesis [20] and the intrinsic capacity to

absorb dietary cholesterol [21], respectively.

Hepatic LDL Receptor Binding Assay

To prepare LDL–gold conjugates, normolipidemic human

blood (Australian Red Cross, Adelaide, Australia) was used

to isolate LDL (1.025 < d < 1.050) by sequential ultra-

centrifugation. Colloidal gold was prepared and the iso-

lated LDL was then conjugated to the colloidal gold as

previously described [22].

A 2–3 g piece of liver was homogenised and micro-

somal membranes (800–100,000·g centrifuge fraction)

were prepared and solubilised with 1% (w/v) Triton X-100,

5 mM phenylmethylsulfonyl fluoride and 5 mM N-ethyl-

maleimide, to prevent degradation and dimerisation of the

rat LDL receptor protein. Once solubilised, Triton X-100

was removed using Amberlite XAD-2 [23] and the protein

content of the microsomal membranes was determined.

To measure LDL receptor binding activity, 8 lg of the

solubilised liver membranes were applied to nitrocellulose

paper (Schleicher and Schuell, Westborough, MA, USA)

which was then blocked with 4% (w/v) bovine serum

albumin solution [22, 24]. The nitrocellulose membranes

were then incubated in buffer containing either 20 lg/mL

LDL–gold in the absence and presence of 20 mM EDTA to

determine total and non-specific binding, respectively. The

nitrocellulose paper was soaked in water for 30 min and

then incubated with intense BL silver enhancement kit

(Amersham, UK) for further 30 min. This was washed with

water, dried and scanned using an LKB Ultrascan XL en-

hanced laser densitometer (Pharmacia LKB Biotechnology,

North Ryde, NSW, Australia). The specific binding (total

minus the non-specific binding) was taken to be the LDL

receptor binding activity which is expressed as peak height,

determined from the laser densitometer scan.

Quantification of LDL Receptor Protein

To determine relative amounts of LDL receptor protein,

solubilised rat liver membranes (150 lg) were subjected to

electrophoresis on 3–15% SDS polyacrylamide gradient

gels and electrotransferred onto nitrocellulose paper. The

membranes were then overlaid with a polyclonal antibody

[24] against the LDL receptor (1:2,000) followed by an

anti-rabbit IgG antibody conjugated to horseradish perox-

idase (Sigma, St Louis, MO, USA). The LDL receptor band

was then detected on X-ray film (Hyperfilm-ECL, Amer-

sham, North Ryde, NSW, Australia) using enhanced

chemiluminescence (Amersham, North Ryde, NSW,

Australia). Quantification of LDL receptor protein was

performed by laser densitometry. Results are expressed as

peak area, determined from the densitometer scan.

Liver Lipid Determinations

Total cholesterol, unesterified cholesterol and triglycerides

were measured on the liver homogenates. Liver prepara-

tions were initially sonicated then diluted 1:1 with a 2%

(w/w) Triton X-100 and 2 mM CaCl2 solution. This was

agitated on a rotating wheel for 30 min at 4 �C and protein

content determined. Lipid measurements were performed

using enzymatic methods on the Cobas Bio and expressed

relative to the protein concentrations.

Statistical Analyses

Results are expressed as mean ± SEM. Percentage changes

were calculated by determining the percentage change in

the highest dose treatment group (2% w/w) relative to the

control group. Similarly, fold changes were calculated by

dividing the mean of the 2% (w/w) treatment group by the

control group.

Statistical evaluation was done using a one way analysis

of variance (ANOVA) and a Tukey’s posthoc test. A value

of p < 0.05 was the criterion of significance. The statistics

were performed using the SPSS statistics package.

Results

Crude Catechin Extract from Green Tea has No Effect

on Plasma Lipids in Rats

There were no significant differences in plasma total cho-

lesterol concentration between groups before intervention

with the crude catechin extract (data not shown). There was

also no significant changes in body weight between groups

throughout the treatment period. This would indicate that

there was no variability in food intake between groups, al-

though this was not systematically measured. The inclusion

of a green tea catechin extract to regular rat chow did not

therefore affect the appetite of the rats.

Administration of the crude catechin extract along with

0.25% cholesterol for 12 days did not significantly change

plasma total cholesterol, LDL cholesterol or triglyceride

concentrations compared to the control group (Table 1).

The HDL cholesterol concentrations were however,

Lipids (2007) 42:621–627 623

123



significantly increased (41%; p < 0.05) in rats supple-

mented with the highest dose of crude catechin extract

(2%) when compared with the control rats (Table 1).

Crude Catechin Extract from Green Tea Decreases

Cholesterol Absorption

The ratio of plasma phytosterol to cholesterol was used as

an index of the intrinsic capacity to absorb dietary cho-

lesterol. Administration of the crude catechin extract was

found to significantly decrease cholesterol absorption

(24%) in the highest dose treatment group compared to

controls (Table 2). No significant changes were seen in

cholesterol synthesis between treatment groups.

Crude Catechin Extract from Green Tea Upregulates

the Hepatic LDL Receptor

The calcium-dependant, LDL–gold binding capacity of

solubilised liver membranes was used to determine hepatic

LDL receptor binding activity. Administration of the

highest dose of crude catechin extract (2% w/w) signifi-

cantly increased (2.7-fold; p < 0.05) the hepatic LDL

receptor binding activity compared to the control (Fig. 1).

Using a polyclonal antibody against the LDL receptor of

liver homogenates, the relative amounts of LDL receptor

protein was found to be significantly higher (p < 0.05) in

all the treatment groups compared to the control. It was at

its highest in the in the 2% (w/w) treatment group (3.4-fold

higher than control) (Fig. 1).

Crude Catechin Extract from Green Tea Lowers Liver

Cholesterol

Administration of the crude catechin extract significantly

reduced (p < 0.05) total and unesterified cholesterol in

liver homogenates (40% for both) in the 2% (w/w)

treatment group compared to controls (Fig. 2). Unesteri-

fied cholesterol constituted approximately 70% of the total

cholesterol content and consumption of the crude catechin

extract did not alter this percentage significantly.

Administration of the crude catechin extract also signifi-

cantly lowered triglyceride concentrations in liver homo-

genates by 40% (control: 80.4 ± 6.8, 0.5%:74.7 ± 10.0,

1.0%:65.4 ± 8.0, 2.0%:49.0 ± 4.0 mmol/L; p < 0.05).

Discussion

The aim of this study was to investigate if administration of

a crude catechin extract, from green tea, could increase the

hepatic LDL receptor in vivo in the rat. An upregulation of

the LDL receptor would provide a mechanism to explain

the hypocholesterolaemic effects of green tea that have

been observed in epidemiological and animal intervention

studies. In contrast with previous studies, administration of

Table 1 Plasma lipid concentrations in rats after the administration of a crude catechin extract

Crude catechin extract (%) (w/w)

0 0.5 1 2

Total cholesterol (mmol/L) 1.01 ± 0.10 1.39 ± 0.21 1.20 ± 0.12 1.49 ± 0.23

Triglycerides (mmol/L) 0.55 ± 0.04 0.68 ± 0.08 0.40 ± 0.03 0.52 ± 0.04

LDL cholesterol (mmol/L) 0.32 ± 0.06 0.39 ± 0.10 0.35 ± 0.07 0.44 ± 0.08

HDL cholesterol (mmol/L) 0.66 ± 0.05 0.87 ± 0.10 0.77 ± 0.05 0.93* ± 0.10

Values given as mean ± SEM. Twenty-four Sprague Dawley rats were divided into four different treatment groups of six rats each. The different

treatment groups were fed a crude catechin extract for 12 days at concentrations of either 0, 0.5,1.0, 2.0% (w/w) mixed in with normal rat chow

and 0.25% cholesterol. Plasma lipids were determined using sequential ultracentrifugation and enzymatic methods on the Cobas Bio

* p < 0.05 (significant difference to control)

Table 2 Effect of a crude catechin extract on cholesterol absorption and cholesterol synthesis

Crude catechin extract (%) (w/w)

0 0.5 1 2

Phytosterols/cholesterol (lM/mM) 21.92 ± 2.12 23.93 ± 2.85 19.75 ± 3.34 16.74* ± 1.70

Lathosterol/cholesterol (lM/mM) 0.11 ± 0.01 0.07 ± 0.005 0.10 ± 0.020 0.10 ± 0.032

Values given as mean ± SEM. Twenty-four Sprague Dawley rats were divided into four treatment groups of six rats each. The different treatment

groups were fed a crude catechin extract for 12 days at concentrations of either 0, 0.5, 1.0, 2.0% (w/w) mixed in with normal rat chow and 0.25%

cholesterol. Phytosterols, lathosterol and cholesterol were measured using gas chromatography

* p < 0.05 (significant difference compared to the control)
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the crude catechin extract did not alter plasma total or LDL

cholesterol concentrations. There was, however, a signifi-

cant increase in HDL cholesterol. Interestingly, adminis-

tration of the highest dose (2% w/w) of extract was able to

significantly increase both LDL receptor binding activity

and the relative amounts of LDL receptor protein. There

were also significant reductions in liver total and uneste-

rified cholesterol concentrations. In accordance with pre-

vious studies, there was a significant reduction in the

intrinsic capacity to absorb cholesterol. Despite no effect

on plasma cholesterol concentrations, the crude catechin

extract used in this study upregulated the LDL receptor.

This appears to be via a reduction in liver cholesterol

concentrations, suggesting that the crude catechin extract

increases the efflux of cholesterol from liver cells.

Upregulation of the LDL receptor is triggered when

there is a reduction in intracellular cholesterol concentra-

tions [1]. Administration of the crude catechin extract

lowered liver cholesterol and increased the hepatic LDL

receptor. In particular there was a reduction in liver une-

sterified cholesterol which is thought to be the regulatory

form of cholesterol [25]. These results are consistent with

in vitro studies which found that incubation with green tea

or ECGC increased the LDL receptor and decreased

intracellular cholesterol concentrations in HepG2 cells [11,

12]. This work is also consistent with a recent study, which

found that administration of a green tea extract to rabbits

increased the hepatic LDL receptor and lowered intracel-

lular liver cholesterol [16].

Liver cellular cholesterol concentration can be lowered

by three main mechanisms: (1) a decrease in cholesterol

entry to the cell, (2) an increase in the packaging of cho-

lesterol into lipoproteins and secretion or, (3) an increase in

bile acid production. The first mechanism is unlikely as there

should have been an increase in cholesterol entry into the

cell due to the increase in the LDL receptor. The third

mechanism is possible. However, if bile acid production and

excretion had increased, it would have been expected that

the plasma cholesterol concentration would have subse-

quently decreased. As there was no change in plasma cho-

lesterol concentrations it would seem that an increase in

packaging of cholesterol into lipoproteins and secretion

from the liver cells is most likely. So despite the increased

entry of cholesterol into the cell via the upregulation of the

LDL receptor, plasma cholesterol levels may not have been

lowered due to the increased secretion of cholesterol back

into the circulation. This apparent increase in LDL recycling

Fig. 1 Green tea extract upregulates the LDL receptor. Twenty-four

Sprague Dawley rats were divided into four treatment groups of six

rats each. The different treatment groups were fed a crude catechin

extract for 12 days at concentrations of either 0, 0.5, 1.0, 2.0% (w/w)

mixed in with normal rat chow and 0.25% cholesterol. a Calcium-

dependant LDL receptor binding activity was measured using

solubilised livers dot-blotted onto nitrocellulose membranes and

colloidal-gold LDL. b Relative amounts of LDL receptor protein were

measured using a polyclonal antibody and western blotting. *p < 0.05

(significant difference compared to the control)

Fig. 2 Green tea extract lowers liver cholesterol. Twenty-four

Sprague Dawley rats were divided into four treatment groups of six

rats each. The different treatment groups were fed a crude catechin

extract for 12 days at concentrations of either 0, 0.5, 1.0, 2.0% (w/w)

mixed in with normal rat chow and 0.25% cholesterol. Total and

unesterified cholesterol concentrations were measured on homogen-

ised livers using enzymatic methods on the Cobas Bio. *p < 0.05

(significant difference compared to the control)
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may be a beneficial effect of the crude catechin extract as the

LDL particle would be in the circulation for less time, thus

reducing its chances of being oxidised. Oxidised LDL has

been found to be pro-atherogenic [26, 27].

An increase in cholesterol efflux from the liver cells is

also consistent with in vitro HepG2 cell studies [11, 12].

Incubation with green tea and ECGC appeared to increase

cholesterol efflux from the cells as cholesterol concentra-

tion in the cell media was significantly increased.

Administration of the crude catechin extract increased

HDL cholesterol concentration. This increase in HDL

concentration may have offset any potential reduction in

plasma total cholesterol concentration. However, an in-

crease in HDL cholesterol could potentially be an athero-

protective effect of the crude catechin extract. The HDL is

involved in a process called reverse cholesterol transport

where it transfers cholesterol from the tissues and arteries

and transports it back to the liver for processing [28]. Large

clinical trials have also found that there is a strong inverse

correlation between heart disease and plasma HDL con-

centrations [29, 30]. The mechanism for the increase in

HDL cholesterol by the green tea extract is not known. It is

possible that the crude catechin extract is able to upregulate

the factors involved in the transfer of cholesterol from cells

to HDL. The results from this study suggest that there is an

increased efflux of cholesterol from liver cells. It is

therefore likely that the crude catechin extract may have

this effect in other cells, for example, in the tissues and

arteries. This is supported in a recently published study

[16] that found administration of a green tea extract to

rabbits decreased cholesterol concentrations in the thoracic

aorta. In this study, however, plasma cholesterol concen-

trations were significantly reduced which would also con-

tribute to a lowering of cholesterol in the thoracic aorta.

Consistent with previous studies the crude catechin ex-

tract significantly reduced the intrinsic capacity of cho-

lesterol to be absorbed. This was measured by the plasma

ratio of phytosterols to cholesterol. Other studies have

found that faecal excretion of total lipids and cholesterol

were higher in animals consuming green tea extracts [6, 7,

9] and EGCG has been observed to inhibit the uptake of
14C-cholesterol from the intestine [14]. This apparent

reduction in intestinal cholesterol absorption has been as-

cribed to EGCG reducing the solubility of cholesterol into

mixed bile salt micelles [15]. It has also been found that

hamsters and rats fed green tea extracts had increased

faecal excretion of bile acids [9, 10]. Despite the reduction

in cholesterol absorption, there was no reduction in plasma

cholesterol concentrations. A reduction in plasma choles-

terol concentration may have been expected as less cho-

lesterol was entering the circulation. The reduction in

cholesterol absorption is consistent, however, with the

reduction in liver cholesterol concentrations and reinforces

that the crude catechin extract was increasing the efflux of

cholesterol from the liver cells.

In contrast to previous studies, we did not find a hypo-

cholesterolaemic effect with green tea. This indicates that

the crude catechin extract used in this study, for this time

period, must affect lipid metabolism differently in rats than

observed in other studies. Previous studies have found that

green tea extracts fed to rats, mice, hamsters and rabbits

have significantly lowered plasma cholesterol concentra-

tions [6–10]. It is possible that the 12 days dietary inter-

vention was not sufficient as other studies tended to be

longer (4–8 weeks). It may also be due to the particular

strain of rats used in the present study having a different

response [31].

The green tea extract used in this study contained 10%

caffeine. There is evidence in the literature that unfiltered

coffee has cholesterol-raising effects. This is thought to be

due to components called diterpenes [32]. However, the

effects of caffeine alone, as present in the green tea extract,

are inconclusive [32]. It has been found, however, that

caffeine can inhibit cholesterol absorption [33]. It is pos-

sible, therefore that caffeine had a minor effect on cho-

lesterol absorption in this study. Catechins, particularly

EGCG are also known to inhibit cholesterol absorption

[6, 7, 9, 14], consistent the current study.

There is certainly no evidence that caffeine has an effect

on the LDL receptor. In addition to this, previous studies

by our group have found that purified, commercially pur-

chased, catechins upregulate the LDL receptor [12]. This

would suggest that it is the catechin constituents in the

green tea extract and not the caffeine that are upregulating

the LDL receptor in rats.

In conclusion, administration of a crude catechin extract

from green tea upregulated the hepatic LDL receptor in the

rats. This appeared to be due to an increase in the efflux of

cholesterol from the liver cells into the circulation, as there

was a decrease in liver intracellular cholesterol and no

change in plasma cholesterol.
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