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Abstract

The objective of this study was to determine whether green tea (GT) inhibits the expression of genes regulating hepatic
lipogenesis andintestinal lipid transport in fructose-fed ovariectomized (OX) rats. OX rats were assigned to: 7) acontrol group (S)
fed the AIN-93G diet with corn starch as the major carbohydrate source; 2) another control group (F) fed the same diet but
containing fructose at 60% as the major carbohydrate source; 3) a group fed the F diet but containing 0.56% GT; and 4) a group
fed the F diet containing 1% GT. At 6 wk, plasma and liver triglyceride (TG) and cholesterol and expression of liver sterol
regulatory element-binding protein-1c (SREBP-1c) and selected genes involved in lipogenesis and lipid transport were
measured. Fructose elevated plasma TG and cholesterol compared with the S group. GT at 0.5 and 1.0% markedly lowered
plasma and liver TG. Fructose increased the expression of SREBP-1¢, fatty acid synthase, and stearoyl-CoA desaturase
1 mRNA in the liver, whereas GT decreased the expression of these lipogenic genes. Similarly, fructose increased the
abundance of hepatic 3-hydroxy-3-methyl-glutaryl-CoA reductase mRNA, whereas GT significantly decreased its expression.
GT did not alter the expression of scavenger receptor class B, type 1, microsomal TG transfer protein, and apobec 1 in the liver
and intestine. The results suggest that the lipid-lowering effect of GT is mediated partly by its inhibition of hepatic lipogenesis

involving SREBP-1c and its responsive genes without affecting lipoprotein assembly. J. Nutr. 139: 640-645, 2009.

Introduction

Green tea (GT)® is a widely consumed popular beverage derived
from the tea plant, Camellia sinensis. Evidence suggests that GT
and its catechins possess antioxidant, antiatherogenic, antiin-
flammatory, and anticarcinogenic properties, as suggested by
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numerous in vitro cell culture and animal studies (1-3). Among
the potential health benefits of GT, its lipid-lowering effect has
been well documented in animal models of hyperlipidemia and
atherosclerosis (4,5), although the evidence still remains incon-
clusive for definitive relationships between GT intake and the
risk of cardiovascular disease in humans (6,7). At present, the
mechanisms underlying the lipid-lowering effect of GT are not
well understood. Previously, using rats with mesenteric lymph
cannulas, we presented evidence that GT inhibits the intestinal
absorption of dietary lipids, including triglyceride (TG), choles-
terol, and other lipophilic compounds such as a-tocopherol (8-
11). GT and its catechins, particularly (-)-epigallocatechin
gallate (EGCG), interfere with the emulsification, digestion,
and micellar solubilization of lipids, critical steps involved in the
intestinal absorption of dietary lipids. Whether the intestinal
uptake and packaging of lipids and/or chylomicron assembly is
affected by GT is currently unknown (11,12).

Evidence also suggests that GT and its principal catechin,
EGCG, may inhibit lipogenesis by suppressing the expression of
lipogenic genes (13-15). For example, EGCG has been shown to
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downregulate such genes as fatty acid synthase (FAS) and
stearoly-CoA desaturase 1 (SCD1) in H4IIE rat hepatoma cells
in vitro (16). An in vivo study (17) using C57BL/6] mice fed a
high-fat diet containing EGCG at 1.0% demonstrated that
EGCG lowers plasma TG and downregulates the adipose
expression of acetyl-CoA carboxylase, the rate-limiting enzyme
for fatty acid synthesis, as well as FAS and SCD1.

The above-cited observations suggest that the hypolipidemic
effect of GT and its catechins may be mediated primarily via the
inhibition of intestinal lipid absorption and suppression of
hepatic and adipose lipogenesis. However, it remains to be
determined whether GT, rather than pure EGCG, at levels
commonly consumed, affects the expression of genes involved in
the regulation of hepatic lipogenesis and intestinal lipid absorp-
tion. In the present study, we examined whether dietary GT, as
supplemented at 0.5 and 1.0%, affects the expression of genes
regulating hepatic lipogenesis and intestinal uptake and absorp-
tion of lipids. The present study used ovariectomized (OX) rats
fed a fructose-enriched diet to stimulate hepatic de novo
lipogenesis (18) and also to mimic the postmenopausal state in
which plasma levels of lipids are elevated with increased risk of
coronary heart disease (19).

Materials and Methods

Rats and diet. OX Sprague-Dawley rats were purchased from Harlan
Sprague Dawley and were individually housed in a temperature- and
humidity-controlled room with a 12-h-light/12-h-dark cycle (light from
0700 to 1900). All rats were acclimated for 5 d while being fed a rodent
nonpurified diet. Rats were assigned to the following 4 groups: 1) a
negative control group (S) fed a modified AIN-93G diet (20,21) with
corn starch as the major carbohydrate source (Dyets) (Table 1); 2) a
positive control group (F) fed the same diet but containing fructose in
place of corn starch at 60% to stimulate lipogenesis (18) (Table 1); 3) a
group (FT0.5%) fed the F diet but containing 0.5% GT; and 4) another
group (FT1.0%) fed the F diet containing 1% GT. GT (lyophilized
powder) was a kind gift from Unilever Bestfoods North America. The
GT contained 29.2 mg total catechins/100 mg (wt:wt) consisting of 48 %
EGCG, 31% epigallocatechin, 13% epicatechin gallate, and 8%
epicatechin, as determined by HPLC. The dietary levels of GT at 0.5
and 1.0% were equivalent to human intakes of 4 and 8 cups (2.0 g GT/
cup) per day, respectively, as estimated based on an energy intake of 8360
kJ/d). Rats were fed the diets 3 times/wk and were weighed weekly. At
the end of 6 wk of feeding, rats were anesthetized under isoflurane vapor
after overnight food deprivation. Blood samples were collected via the
retro-orbital sinus into tubes containing 4 mg Na,-EDTA. Plasma was
collected after centrifuging at 2000 X g; 20 min at 4°C and stored at
—80°C in aliquots in a preservation cocktail (0.5 mL aprotinin, 0.1 mL
sodium azide, and 0.1 mL phenylmethane sulfonyl fluoride/100 mL).
After blood collection, rats were killed with isoflurane overdosing
followed by cervical dislocation. From the central lobe of the liver,
~0.5 g tissue was excised from each rat and placed in a plastic tube
containing RNALater solution (Ambion). The remainder of the liver was
weighed and snap-frozen in liquid nitrogen. The mid-segment of the
intestine (jejunum) was washed 3 times with 10 mL ice-cold saline con-
taining 16.5 mmol/L sodium taurocholate (Sigma-Aldrich) and stored in
RNA Later solution. The liver and intestinal tissues in RNALater were
kept at 4°C for 24 h and then stored at —80°C. The protocol for the care
and use of animals was approved by the Institutional Animal Care and
Use Committee at the University of Connecticut.

Plasma and liver lipids. Plasma total cholesterol (TC) was determined
as described previously (22). The HDL cholesterol (HDL-C) concentra-
tion in the supernatant was measured by an enzymatic method after
selective precipitation of apolipoprotein (apo) B-containing lipoproteins
by magnesium chloride and dextran sulfate (23). Liver cholesteroland TG
concentrations were determined as previously described following

TABLE 1 Composition of diets containing starch and
fructose as the major source of carbohydrate’
Ingredient S F
g/kg
Egg whites 200 200
Corn starch 530.7 30.7
Fructose 100 600
Cellulose 50 50
Soybean oil? 70 70
Mineral mix (AIN-93G-EGG-MX) 35 35
Vitamin mix (AIN-93-VX) 10 10
Biotin premix (1 mg/g sucrose) 1.8 18
Choline bitartrate 25 25

" Formulated and supplied from Dyets Inc. (Dyets no. 111558), according to the
recommendations of the AIN (20,21).
2 Contained tert-butylhydroquinone at 0.014.

extraction of hepatic lipids with chloroform-methanol 2:1 (24). Esterified
cholesterol (EC) concentrations were calculated by subtracting free
cholesterol (FC) from TC.

Plasma glucose. Plasma glucose was determined enzymatically (25)
using a kit from Wako Chemicals.

RNA isolation and quantitative real-time PCR. Total RNA was
isolated from liver and intestine samples using TRIzol reagent (Invitrogen)
following the manufacturer’s protocol. One microgram of total RNA was
treated with DNase I to remove any genomic DNA contamination, after
which it was reverse transcribed by Moloney murine leukemia virus RT
(Promega). Quantitative real-time PCR analysis was performed using the
Sybr Green procedure and an ABI 7300 instrument (Applied Biosystems).
Primers were used, as designed according to GenBank database using the
Primer Express software (Applied Biosystems). Primer sequences are
given in Supplemental Table 1. Expression of mRNA values was
normalized relative to glyceraldehyde-3-phosphate dehydrogenase as an
internal control and data were analyzed, as described previously (26).

Statistical analysis. All statistical analyses were performed using PC
SAS (27) (SAS Institute). One-way ANOVA and Tukey’s post hoc test
with least significant difference were used to compare group means.
Homogeneity of variances was tested by Levene’s test and Welch’s
ANOVA was used to compare group means when the group variances
were unequal. Differences were considered significant at P < 0.05.
Values in tables and figures are expressed as means = SD.

Results

General observations. Fructose feeding for 6 wk did not affect
body weight or food intake of the rats. Dietary GT both at 0.5 and
1.0% resulted in moderate increases in body weight and food
intake compared with the F-fed group. A moderate increase in
body weight was consistently noted in OX rats when GT was fed
in combination with fructose, whereas no such change occurred
when they were fed with starch under similar experimental
conditions (S. Shrestha and S. I. Koo, unpublished data). Fructose
feeding resulted in a decrease in retroperitoneal adipose weight.
GT did not significantly affect the adipose weight in fructose-fed
rats (Table 2). Fructose significantly increased liver weight
compared with the S group. GT did not affect liver weight in
the F-fed rats (Table 3).

Plasma lipids and glucose. Fructose feeding significantly
elevated plasma TG, whereas GT lowered plasma TG to the
control level. Fructose feeding also elevated plasma TC com-
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TABLE 2 Body weight, food intake, plasma lipids, and
plasma glucose in OX rats fed diets containing S or
F diet or the F diet with 0.5% or 1.0% GT for 6 wk'

Variables S F FT 0.5% FT 1.0%

Body weight, g 303 =11 290 +13° 319 +13* 310 = 16°
Retroperitoneal adipose, g 1.8 = 06° 13 =03 16 =04 11 x01°
Food intake, g/d 19+20° 19+30° 22+20° 24+20°
TG, mmol/L 03+01° 0401 03x01° 03=01°
TC, mmol/L 23+02° 27+04> 29+02® 32=x03°
HDL-C, mmol/L 1503 18+01° 20=x02® 22=+03
Non-HDL-C, mmol/L 08+03 09=x04 09=02 1003
Glucose, mmol/L 90 = 15° 117 £20° 105+ 14® 92 = 24°

" Data are means *+ SD, n = 7. Means in a row with superscripts without a common
letter differ, P < 0.05.

pared with the controls. GT at 0.5% did not affect plasma TC,
whereas GT at 1.0% significantly increased TC due to increased
plasma HDL-C, with no change in non-HDL-C. Dietary fructose
significantly increased plasma glucose and GT lowered it at
1.0%, with no significant effect at 0.5% (Table 2).

Liver lipids. Fructose feeding for 6 wk did not alter the
concentration of liver TG. GT at both 0.5 and 1.0% had a
profound effect on liver TG, reducing it to 27-30% of the
controls fed the F and S diets (Table 3). In contrast, GT did not
affect liver TC concentrations in the F-fed rats, whereas dietary
fructose lowered liver TC concentrations compared with starch
(Table 3).

Expression of genes involved in lipid transport and
metabolism. To explore the molecular mechanism underlying
the hypolipidemic effect of GT, we examined the expression of
hepatic and intestinal genes that regulate lipogenesis, lipid
uptake, and lipoprotein assembly. Dietary fructose, compared
with starch, markedly increased the expression of hepatic sterol
regulatory element-binding protein-1c (SREBP-1c¢) and also the
expression of its target lipogenic genes, FAS and SCD1. GT at
both 0.5 and 1.0% prevented the fructose-induced increases in
SREBP-1¢, FAS, and SCD1 and decreased their expression to the
level expressed in the S-fed rats (Fig. 1). Fructose feeding also
increased the expression of hepatic 3-hydroxy-3-methyl-glutaryl-
CoA reductase (HMG-R) and ATP-binding cassette transporter
A1 (ABCA1) mRNAs, whereas GT at 0.5 and 1.0% lowered
their expression to the S control level (Fig. 2). Dietary fructose
significantly decreased the expression of liver scavenger receptor
class B type 1 (SR-B1). Similarly, fructose markedly decreased
the expression of intestinal SR-B1 mRNA but did not affect

TABLE 3 Liver weight and lipids in OX rats fed diets
containing S or F diet or the F diet with
0.5% or 1.0% GT for 6 wk'

Variables S F FT 0.5% FT 1.0%
Liver weight, g 70 = 07° 85+07° 8.8 = 06° 88 = 1.0°
TG, wmol/g 79 + 43 87 = 23° 24 +11° 24 +06°
TC, wmol/g 11.1 = 28° 85+ 2.1° 75+ 08° 78 =18
FC, wmol/g 41+ 26 36+ 08 34 +10 29 +13
EC, wmol/g 70 = 36° 49 = 10%® 41 x18° 49 = 21%®

" Data are means = SD, n = 7. Means in a row with superscripts without a common
letter differ, P < 0.05.
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FIGURE 1 The expression of liver SREBP-1¢, FAS, and SCD1 in OX
rats fed diets containing S or F diet or the F diet with 0.5% or 1.0% GT
for 6 wk. Bars are means = SD, n = 7. Means without a common
letter differ, P < 0.05.

ABCA1 mRNA. GT did not affect hepatic and intestinal
expression of SR-B1, whereas GT at 0.5% moderately increased
intestinal Niemann-Pick C1-like 1 (NPC1L1) mRNA involved in
intestinal cholesterol uptake (Table 4).

Fructose, compared with starch, significantly decreased acyl-
CoA:cholesterol acyltransferase 2 (ACAT2) mRNA in both the
liver and intestine without affecting ACAT1 mRNA, whereas
GT did not affect ACAT1 or ACAT2 in either tissue (Table 4).
Fructose had no effect on apobec1 and microsomal TG transfer
protein (MTP), genes regulating apoB mRNA editing and
lipoprotein assembly, respectively, in the liver and intestine.
GT only at 1.0% significantly increased liver apobec1 mRNA
but did not affect its expression in the intestine (Table 4).

Discussion

Using an OX rat model fed a high-fructose diet, the present study
provides the following new evidence that GT: 1) lowered plasma
and liver TG concentrations; 2) downregulated the expression of
SREBP-1c mRNA and its target lipogenic genes, FAS and SCD1,
and genes regulating hepatic cholesterol synthesis and transport
(HMG-R, ACAT2, and ABCA1), with no effect on SR-B1; 3) did
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FIGURE 2 The expression of liver HMG-R, ABCA1, and SR-B1 in
OX rats fed diets containing S or F diet or the F diet with 0.5% or 1.0%
GT for 6 wk. Bars are means * SD, n = 7. Means without a common
letter differ, P < 0.05.



TABLE 4 Expression of selected genes in the liver and
intestine of OX rats fed diets containing S or F diet
or the F diet with 0.5% or 1.0% GT for 6 wk'

Relative mRNA abundance S F FT 0.5% FT 1.0%

Liver
ACAT1 16+05 15+10 1304 14=02
ACAT2 10*05 0503 03+02° 06=03°
Apobec-1 1403 1407 2005 2307
MTP 2206 22x22 20+04 2704

Intestine
ACAT1 1106 0906 0802 08=01
ACAT2 13+04% 0701 07+03" 06=x03°
Apobec 1204 11x£07 17=x09 18 £05
MTP 1504 1006 19x08 1912
NPC1L1 07 =04° 09+02° 12+03 10=x02®
SR-BI 0803 03+02° 02=+01° 02=x01°
ABCA1 0704 08x05 11x04 07=01

' Data are means =+ SD, n= 6-8. Means in a row with superscripts without a common
letter differ, P < 0.05.

not affect the expression of apobecl and MTP involved in
intestinal apoB mRNA editing and chylomicron assembly; and
4) did not affect the intestinal expression of SR-B1 and ABCA1
that mediate cholesterol uptake and transport.

Dietary fructose is a strong inducer of SREBP-1c¢, FAS, SCD1,
and other enzymes regulating hepatic lipogenesis (18,28-30)
and produces a pronounced elevation of hepatic TG concentra-
tions with an increase in plasma TG leading to the development
of insulin resistance and impaired glucose tolerance (18).
Evidence shows that the induction of hepatic SREBP-1c¢ by
dietary sugars is insulin independent in refed states and that
SREBP-1c and its target genes such as FAS, SCD1, and acetyl-
CoA carboxylase are highly inducible by fructose and glucose
under insulin-depleted conditions (30). However, fructose is
more potent than glucose at inducing these lipogenic genes (29).
The induction of SREBP-1c¢ by fructose occurs more gradually
with an increased expression of FAS for an extended period in
refed mice (30). This phenomenon may partly explain the
fructose-induced hypertriglyceridemia and development of the
metabolic syndrome with chronic fructose feeding. The present
findings demonstrate that GT is effective in lowering liver and
plasma TG in an OX rat model of hypertriglyceridemia induced
by a high-fructose diet. The findings are consistent with our
recent observation of pronounced decreases in liver and serum
TG concentrations by GT in ob/ob mice, a genetic model of
spontaneous hypertriglyceridemia (31). Previously, female rats
with intact ovaries were shown to be protected against the
fructose-induced hypertriglyceridemia (32) and metabolic syn-
drome (33). The present study demonstrates that fructose
feeding in OX rats increases plasma TG and glucose concentra-
tions and that GT prevents the fructose-induced increases in
plasma TG and glucose concentrations in this rat model. This
finding suggests a potential benefit of GT for postmenopausal
women, considering the increased prevalence of the metabolic
syndrome and insulin resistance after menopause (34).

The upregulation of hepatic HMG-R mRNA by fructose is
consistent with the increased plasma cholesterol concentration
here and as reported by others in fructose-fed male rats (35).
Based on information available, the hypercholesterolemic effect
of fructose is likely mediated via interactions of multiple factors
regulating its synthesis, packaging, and release via VLDL, and
plasma clearance (18,28). It is also possible that the increase in

the plasma cholesterol concentration by fructose may be due
partly to increased cholesterol efflux from liver to plasma by
upregulation of ABCAT, as suggested by our data. This may also
explain the lower levels of liver cholesterol observed in fructose-
fed rats. The decrease in liver ACAT2 expression by fructose
may result in a transient increase in FC, while its efflux from the
liver is facilitated via the upregulation of ABCAT1 that transfers
cellular cholesterol to HDL apolipoproteins, including A1 (36).
The fructose-induced decrease in SR-B1 expression in the liver,
as shown here, may further contribute to the elevation of plasma
HDL-C, because liver SR-B1 is largely responsible for selective
uptake/transfer of cholesterol esters from HDL to the liver. Our
data show that GT suppresses HMG-R expression in the liver.
GT, however, was ineffective in preventing the fructose-induced
increase in plasma cholesterol concentrations when fed at 0.5%,
but rather increased the cholesterol concentrations when fed at a
higher level (1.0%). This finding is in direct contrast with the
cholesterol-lowering effect of GT in normal male animals fed
high-fat or high-sucrose diets (4,5). Previously, the cholesterol-
raising effect of GT was reported by another study (37) in male
mice susceptible to diet-induced obesity and insulin resistance.
Similar to our observations here, GT (94% EGCG) at 0.5% did
not affect the plasma cholesterol concentration, but at 1.0%, it
raised the cholesterol concentration (37). In the present study,
the increase in the plasma cholesterol concentration by GT at
1.0% was due to a significant rise in the HDL fraction, with no
change in non-HDL-C. This increase appears unrelated to
changes in hepatic expression of SR-B1 or ABCA1, because GT
did not further decrease the expression of SR-B1 while decreas-
ing ABCA1 expression. The decrease in ABCA1 expression by
GT may reflect the inhibition of hepatic cholesterol synthesis, as
suggested by a decrease in HMG-R expression. Evidence shows
that ABCA1 is downregulated by HMG-R inhibition but is
inducible by cholesterol loading (36).

Evidence shows that GT also inhibits the intestinal absorption
of lipids, including TG and other lipophilic compounds (8-11).
The inhibitory effect of GT on lipid absorption is largely due to its
interference with the intraluminal emulsification, hydrolysis, and
micellar solubilization of lipids (11,12). Our findings here pro-
vide evidence that GT does not significantly affect the expression
of genes involved in the uptake and subsequent packaging of
lipids into chylomicrons in the enterocyte, such as intestinal SR-
B1, ABCA1, apobecl, and MTP. SR-B1, present in the brush-
border and basolateral membranes of the enterocyte, mediates
the uptake and efflux of cholesterol (38,39), whereas ABCA1 in
the basolateral membrane is thought to promote cholesterol
efflux from the enterocyte (40). GT, when fed at 0.5%, caused
only a slight increase in gene expression of NPC1L1, a brush-
border protein involved in cholesterol uptake. GT did not affect
intestinal ACAT2 mRNA expression, whereas fructose signifi-
cantly downregulated intestinal ACAT?2, as in the liver. More-
over, GT did not alter the intestinal expression of apobecl, the
apoB mRNA-editing enzyme that produces ApoByg, and of MTP,
which catalyzes the transfer of lipids to apoB4g during chylomi-
cron assembly (41). Based on our findings here and earlier
observations (8-11), GT or catechins may not appreciably alter
the intestinal processes of lipid uptake, packaging, and chylomi-
cron assembly but mainly interfere with the intraluminal events
critical to luminal lipolysis and transfer of lipolytic products to
the enterocyte.

At present, the mechanism underlying the inhibitory effect of
GT on the expression of lipogenic genes remains unclear.
Because our data here indicate that GT inhibits the hepatic
expression of SREBP-1c and ABCA1, which are liver X receptor
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(LXR)-target genes, the possibility exists that the inhibition of
lipogenic gene expression by GT may be mediated in part via its
modulation of LXR. In fact, a study using human mononuclear
cells (42) showed that GT polyphenols dose dependently
decreased the expression of LXRa and PPARY that upregulate
the expression of lipogenic genes, including SREBP-1c. Whether
the inhibition of liver HMG-R expression by GT is mediated via
its regulation of SREBP-2 and other transcription factors (e.g.
LXR) is unknown at present. A study with HepG2 cells in vitro
(43) showed that EGCG increased the active form of SREBP-2
by inhibiting its degradation by the ubiquitin-proteasome
pathway. Another study with HepG2 cells (44) suggests that
the regulation of HMG-R by GT catechins may be concentra-
tion dependent, because cholesterol synthesis was significantly
inhibited at a low concentration of EGCG (50 wmol/L) but
increased at a higher concentration. The dual effects of GT on
cholesterol synthesis remain to be further examined under in
vivo conditions with catechin levels attainable by dietary means.

In summary, this study, using OX rats fed fructose, an animal
model of diet-induced hypertriglyceridemia, provides new evi-
dence that GT significantly downregulates the hepatic expres-
sion of SREBP-1c and its target genes such as FAS and SCD1,
and the genes that regulate hepatic cholesterol synthesis (HMG-
R) and efflux (ABCA1). Data here suggest that GT may not alter
the expression of genes involved in intestinal lipid uptake and
chylomicron assembly. Thus, based on the information avail-
able, the TG-lowering effect of GT in plasma and liver may
be mediated partly via the suppression of lipogenesis and
inhibition of luminal hydrolysis and micellar transfer of lipids to
the enterocyte. Further studies are warranted to determine the
expression of lipogenic gene products and to elucidate the
mechanisms whereby GT suppresses the expression of these
genes, particularly in relation to postprandial dyslipidemia and
insulin resistance.
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