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The effects of green tea (–)-epigallocatechin-3-
gallate on reactive oxygen species in 3T3-L1
preadipocytes and adipocytes depend on the
glutathione and 67 kDa laminin receptor pathways

Chih-Ting Wang*, Hsin-Huei Chang*, Chiao-Hsin Hsiao, Meng-Jung Lee,
Hui-Chen Ku, Yu-Jung Hu and Yung-Hsi Kao

Department of Life Science, College of Science, National Central University, Chung-Li City, Taoyuan,
Taiwan

Green tea (– )-epigallocatechin-3-gallate (EGCG) is known as to regulate obesity and fat cell activity.
However, little information is known about the effects of EGCG on oxidative reactive oxygen species
(ROS) of fat cells. Using 3T3-L1 preadipocytes and adipocytes, we found that EGCG increased ROS
production in dose- and time-dependent manners. The concentration of EGCG that increased ROS
levels by 180–500% was approximately 50 lM for a range of 8–16 h of treatment. In contrast,
EGCG dose- and time-dependently decreased the amount of intracellular glutathione (GSH) levels.
EGCG was more effective than (–)-epicatechin, (– )-epicatechin-3-gallate, and (–)-epigallocatechin
in changing ROS and GSH levels. This suggests a catechin-specific effect. To further examine the
relation of GSH to ROS as altered by EGCG, we observed that exposure of preadipocytes and adipo-
cytes to N-acetyl-L-cysteine (a GSH precursor) blocked the EGCG-induced increases in ROS levels
and decreases in GSH levels. These observations suggest a GSH-dependent effect of EGCG on ROS
production. While EGCG was demonstrated to alter levels of ROS and GSH, its signaling was altered
by an EGCG receptor (the so-called 67 kDa laminin receptor(67LR)) antiserum, but not by normal
rabbit serum. These data suggest that EGCG mediates GSH and ROS levels via the 67LR pathway.
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1 Introduction

Green tea catechins (GTCs) are polyphenolic flavonoids
once called vitamin P [1]. Since the discoveries that they
have unique chemical structures and are major ingredients
of unfermented tea [2, 3], they have been found to possess

widespread biological functions and health benefits [3–6].
In vivo, GTCs, especially (–)-epigallocatechin-3-gallate
(EGCG), lower the incidence of cancers [3–6], collagen-
induced arthritis [7], oxidative stress-induced neurodege-
nerative diseases [8, 9], and streptozotocin-induced diabe-
tes [10]. Also, EGCG can reduce body weight and body fat
[11–13]. This antiobese effect of EGCG was supported by
other in vivo data that EGCG or EGCG-containing green
tea extract reduces food uptake, lipid absorption, and blood
triglyceride levels, as well as stimulating energy expendi-
ture, fat oxidation, and fecal lipid excretion [11–14]. These
in vivo observations may be explained by in vitro findings
that EGCG and caffeine synergistically with norepinephr-
ine stimulate the thermogenesis of brown adipose tissue
[15], that EGCG regulates various enzymes related to lipid
anabolism and catabolism, such as acetyl-CoA carboxylase,
fatty acid synthase, pancreatic lipase, and lipoxygenase
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[11–13], that EGCG is a potent prooxidant and antioxidant
[16, 17], and that EGCG reduced serum- or insulin-induced
increases in cell numbers and the triacylglycerol content of
3T3-L1 adipocytes during a 9 days period of differentiation
[11]. Decreases in the number of fat cells caused by EGCG
may result from its inhibition of mitogenesis of preadipo-
cytes [18] and from its stimulation of apoptosis of preadipo-
cytes [19] and adipocytes [20]. Recent studies have indi-
cated that EGCG downregulates the expression of adipo-
kines [11, 12, 21] and inhibits the adipogenic differentiation
[11, 12]. These in vivo and in vitro observations suggest that
green tea EGCG can modulate the mitogenic, developmen-
tal, endocrine, and metabolic functions of fat cells.

Despite the importance of EGCG, little is known about
the mechanisms of its action in regulating reactive oxygen
species (ROS) production of preadipocytes and adipocytes.
Although a number of reports have shown that oxidative
stress in fat cells can be regulated by vitamin nutrients [22]
and herbal products [23], results have not demonstrated
whether EGCG regulates adipocyte oxidative stress. In
other cell types, 50 lM EGCG induced oxidative stress and
radical formation in neuroblastoma cells, while at 20 lM it
acted as an antioxidant [16]. Whether high concentrations
of EGCG induce oxidative stress production from fat cells
is unknown. Because changes in intracellular ROS and glu-
tathione (GSH) levels are used as indicators for oxidative
stress [16, 17], an examination of ROS and GSH levels in
preadipocytes and adipocytes should help clarify these
observations.

Signaling of EGCG in stimulating antioxidant and proox-
idant activity in cancer cells and nonfat cells has been
extensively described [3–6, 8, 9]. Whether any of these
actions of EGCG is dependent on its own receptor pathway
was not determined in previous studies. An EGCG receptor
was discovered in cancer cells [24] and found in normal
cells, such as muscle cells, hepatocytes, and nerve cells
[25]. This receptor regulates the antimitogenic effect of
EGCG on cancer cell growth [24], but is unknown for its
modulation of EGCG's action on normal cells. It is evident
that certain types of laminin receptors and laminins are
present in preadipocytes or adipocytes and are related to fat
cell adhesion and differentiation [25–27]. However, the
results did not identify the nucleotide sequence of the adi-
pocyte 67 kDa laminin receptor (67LR) in fat cells. For this
reason, the possible roles of the 67LR in mediating the
actions of EGCG on preadipocytes and adipocytes are
unknown.

In this study, we used 3T3-L1 preadipocytes and adipo-
cytes to examine the influence and signaling of EGCG on
ROS production. We investigated whether EGCG-regulated
ROS levels are dependent on the GSH pathway. GSH was
chosen because it has been reported to be a vital endoge-
nous antioxidant role in the fat cells [28, 29]. Finally, we
investigated whether the 67LR can mediate the effects of
EGCG on ROS production.

2 Materials and methods

2.1 Chemical reagents

All materials (e.g., BSA, insulin, GSH, and so forth) were
purchased from Sigma Chemical (St. Louis, MO, USA)
unless otherwise stated. Green tea EGCG and other cate-
chins (A98% pure) were isolated from green tea (Camellia
sinensis) in our laboratory as described previously [18].
DMEM, calf serum, and FBS were purchased from
GIBCO-BRL Life Technologies (New York, NY). A 100-
bp DNA ladder marker was purchased from OneStar Bio-
technology (Taipei, Taiwan). All serum (normal rabbit
serum (NRS)) and antiserum (67LR, actin, and IgG-HRP)
were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). The 39-RACE system, Trizol, and Pfu pol-
ymerase were purchased from Invitrogen Life Science
Technologies (Carlsbad, CA, USA).

2.2 Cell culture

According to a published method [18], 3T3-L1 preadipo-
cytes (American Type Culture Collection, Manassas, VA,
USA) were grown in a DMEM (pH 7.4) containing a 10%
calf serum, 100 U/mL of penicillin, and 100 lg/mL strepto-
mycin in a humidified atmosphere of 95% air-5% CO2 at
378C. Medium was replaced every 2 days. The 3T3-L1 adi-
pocytes were obtained according to a published method by
Liu et al. [21], in which 2 days postconfluent 3T3-L1 prea-
dipocytes (36106 cells in a 10 cm plate) were treated with
DMEM containing a final concentration of 0.25 lM dexa-
methasone, 0.5 mM 3-isobutyl-1-methylxanthine, 5 lg/mL
insulin, and 10% FBS for 48 h. The medium was then
changed to DMEM containing FBS and insulin for addi-
tional 6–10 days. With this protocol, greater than 90% adi-
pocyte differentiation was achieved, as indicated by the
phenotypical appearance and triglyceride accumulation.

2.3 Experimental treatments

The 3T3-L1 cells were serum-starved for 16 h in DMEM
and then, unless noted otherwise, incubated with or without
GTCs (e.g., (– )-epicatechin (EC), (– )-epicatechin-3-gal-
late (ECG), (– )-epigallocatechin (EGC), and EGCG) at
various concentrations for the indicated time periods. Tea
catechins were dissolved in 0.1% DMSO and sterile
medium for cell treatment. According to the literature [28,
29], which shows that N-acetyl-L-cysteine (NAC) and
L-buthionine-[S,R]-sulfoximine (BSO) are respectively
able to stimulate and inhibit GSH levels, we treated serum-
starved 3T3-L1 cells with or without EGCG in the presence
and absence of either NAC (5–10 mM) or BSO (40 lM)
for 8 h. In other experiments, we followed the method of
Tachibana et al. (24) and treated 3T3-L1 cells with either a
rabbit polyclonal 67LR antibody (l5 lg/mL) or preimmu-

350

i 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



Mol. Nutr. Food Res. 2009, 53, 349 –360

nized NRS (as the control) for 1 h, and then stimulated
them with or without EGCG (50 lM) for 8 h. After treat-
ment, ROS and GSH levels were measured.

2.4 ROS

We followed the methods reported by Ferrer et al. [30] to
perform our ROS assay. After the treatment, cells were
washed with 10 mM PBS (pH 7.4), and then 30 lM of 29,79-
dichlorofluorescein diacetate (DCFDA) was added. After a
30 min incubation in the dark at 378C, cells were washed
with PBS to remove free DCFDA from the medium.
Dichlorofluorescein produced from the reaction of DCFDA
with ROS was detected with the fluorescence emission
using a fluorescence spectrophotometer (F-4500, Hitachi)
under an excitation wavelength of 504 nm and an emission
wavelength of 529 nm. Based on the absorbance value,
ROS levels were normalized to the number of cells and then
expressed as multoples relative to the control. Cells were
trypsinized and counted using the 0.4% trypan blue exclu-
sion method [18]. Only live cells were represented in this
study.

2.5 GSH levels

GSH levels were measured essentially as reported by Cohn
and Lyle [31]. Harvested cells were lysed in 1 mL buffer
containing 20 mM Tris-HCl (pH 7.6), 1 mM EDTA, 1 mM
Na3VO4, 0.2% Triton X-100, and 1 mM phenylmethylsulfo-
neyl fluoride (PMSF). The protein content of the lysates
was determined in duplicate by a dye-binding method [32]
using BSA (Sigma) as the standard. Assays were performed
at 378C for 20 min in the dark at a final volume of 2.62 mL
per cuvette containing cell lysates (l10 lg protein),
20 mM sodium phosphate, and 0.004% w/v o-phthaldialde-
hyde (OPA). Because GSH reacts with OPA to produce the
conjugated compound called GS–OPA, which can be
stimulated with an excitation wavelength of 350 nm and an
emission wavelength of 420 nm, GSH levels was deter-
mined by measuring the fluorescence emitted from GS–
OPA [31]. The reproducible results were obtained in the
range of the reduced form of the GSH standard from 0 to
400 ng per cuvette (od420 nm = 7.7 + 2.46ng/cuvette;
r2 = 0.99). Based on the standard value, the amount of GSH
in a sample was determined and then divided by milligrams
of protein. The data are expressed as multiples relative to
the control.

2.6 c-Glutamylcysteine synthetase (c-GCS)
activity

c-GCS activity was measured as essentially reported by
Sekura and Meister [33]. Assays were performed at 378C
for 30 min in a final volume of 80 lL per vial containing
30 lL of protein lysate (l50 lg protein) and 50 lL of sub-

strate solution. The final substrate mixture per vial con-
tained 10 mM sodium L-glutamate, 10 mM L-aminobuty-
rate, 20 mM MgCl2, 5 mM Na2ATP, 2 mM Na2EDTA,
100 mM Tris-HCl buffer (pH 8.2), and 10 lg BSA. The
reaction was terminated by adding 80 lL of 10% trichloro-
acetic acid. The inorganic phosphate formed was measured
from the absorbance at 720 nm by the method of Taussky
and Shorr [34]. Reproducible results were obtained in the
range of the phosphate standard from 2 to 40 lm per well
(od720 nm = 0.214 + 0.0526lg/well; r2 = 0.96). One unit of
c-GCS activity was expressed as 1 mg of inorganic phos-
phate formed per hour, and its specific activity was that unit
divided by milligrams of protein.

2.7 RNA extraction, oligonucleotide primers, and
RT-PCR

Using the RNA miniprep system kit (Viogene, Synnyvale,
CA, USA), total RNA was isolated from 3T3-L1 preadipo-
cytes and adipocytes [35]. For the 3'-RACE system, cDNA
was synthesized from 5 lg of RNA (a quality ratio of 1.6–
2.0 measured at A260 nm/A280 nm) and 0.1 lg of the 39-RACE
adapter primer (59-GGCCACGCGTCGACTAGTAC(T)17-
39) using M-MLV RT (Stratagene; 40 U) according to the
protocol included with the SMARTTM 39-RACE kit (Invitro-
gen Life Science Technologies). PCR was performed by
PfuUltrarR II DNA polymerase under the following condi-
tions: an initial denaturing cycle at 948C for 5 min, followed
by 25 cycles of amplification consisting of denaturation at
948C for 40 s, annealing at 618C for 45 s, and extension at
728C for 45 s. A final extension at 728C for 10 min was
added after the last cycle. The PCR product was run using
1.5% w/v agarose gel electrophoresis with 40 mM Tris-ace-
tate buffer (pH 8.0) containing 1 mM EDTA, visualized
using ethidium bromide (0.5 lg/mL) and UV transillumina-
tion, and quantified using a Molecular Imager (BioRad
Laboratories, Hercules, CA, USA). Gene-specific oligonu-
cleotide primers for amplification of adipocyte 67LR
cDNAs were designed according to the conserved region of
the human [36] and mouse [37] 67LRs. The forward and
reverse primers were 59-CACAATGTCCGGAGCCCTTGA
-39 and 59-GCCTTCTCAGCAGCAGCC-39 for 67LR
(accession number NM_011029), and 59-CCTCTGGAA
AGCTGTGGCGT-39 and 59-TTGGCAGGTTTCTCAG
GCG-39 for glyceraldehydes-3-phosphate dehydrogenase
(GAPDH; accession no. M32599), respectively. The 67LR
and GAPDH PCR products, respectively predicted to be
666 and 190 bp, were sequenced by Tri-I Biotech (Taipei,
Taiwan). An almost-linear range for the number of PCR
amplifications for 67LR was observed between 20 and 40
cycles when compared to the b-actin standard. Thus, 25
cycles of PCR amplification were subsequently used for all
experiments. Based on the scanned values, 67LR cDNA
levels in each sample were divided by levels of GAPDH to
correct for the variance in the RNA amount in each sample
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that was loaded on the gels. After correction, 67LR levels
were expressed as a percent of the control.

2.8 Western blot analysis

The immunoblot analysis was modified as described by
Hung et al. [18] to obtain whole-protein extracts from pre-
dipocytes and adipocytes. A minor modification from this
method was to use Wito's lysis buffer containing 50 mM
Tris-Cl (pH 7.5), 250 mM NaCl, 5% glycerol, 1 mM
EDTA, 0.2 mM EGTA, 10 mM NaF, 10 mM sodium pyro-
phosphate, 1 mM Na3VO4, 1 mM PMSF, 15 mM 2-mercap-
toethanol, 0.25% NP-40, and protein inhibitor cocktail tab-
lets (Roche Diagnostics, Mannheim, Germany). An aliquot
of the supernatant (50 lg of protein) was used and then
loaded on 12.5% SDS-PAGE. Immunoblot analyses with
67LR and b-actin antisera were performed. All primary
antibodies were used at a dilution of 1:1000 (l0.2 lg/mL).
Donkey antirabbit IgG conjugated with horseradish peroxi-
dase was used as the secondary antibody at a dilution of
1:2000 (l0.2 lg/mL). The immunoblots were visualized
after the addition of a Western LightningTM chemilumines-
cence reagent plus kit (Perkin-Elmer Life Science, Boston,
MA, USA) for 3 min and exposure to Fuji film for
2l3 min. They were then arbitrarily quantified using the
Molecular ImagerR FX Pro Plus (BioRad Laboratories).
After normalization to b-actin protein, levels of the intra-
cellular 67LR protein were expressed as a percent of the
control, unless noted otherwise.

2.9 Cytotoxicity assay

We followed the methods reported by Harmon and Harp
[38] to perform our cytotoxicity assay by measuring lactate
dehydrogenase (LDH) release into the culture medium.
Briefly, 3T3-L1 preadipocytes and adipocytes (15000–
20000 cells/cm2) were plated in triplicate wells of a 12-well
plate. Vehicle and 5–100 lM EGCG were added to phenol
red-free culture medium with or without cells at the time of
plating. At 8 h after plating, all media were collected from
the wells and stored for later analysis of the LDH activity.
The protein amounts of the media and lysates were deter-
mined in duplicate by a dye-binding method [32] using
BSA (Sigma) as the standard. Assays were performed at
258C in a final volume of 250 lL per well containing 50 lL
of protein lysate (l5 lg protein) and 200 lL of substrate
solution. The final substrate mixture per well contained
0.3 mM sodium pyruvate, 0.25 mM b-NADH, and 20 mM
Tris-HCl buffer (pH 7.4). The kinetic reaction was meas-
ured within 5 min from the absorbance at 340 nm. A unit of
LDH activity was that which caused an initial rate of oxida-
tion of one micromole of NADH2 per min under the condi-
tions specified at 258C. Reproducible results were obtained
in the range of the rabbit muscle LDH (Sigma) standard
from 0.00098 to 0.098 lg per well (od340 nm = 0.0098 +

0.0031216log (lg protein); r2 = 0.97). The LDH protein
amounts of the media and lysates were determined in dupli-
cate using rabbit muscle LDH (Sigma) as the standard. The
percent LDH release was calculated as follows:%LDH
release = (LDH in culture medium/LDH in culture
medium + LDH in cell lysate)6100 [38].

2.10 Statistical analysis

Data are expressed as the mean l SEM. Unpaired Student's
t-test was used to examine differences between the control
and EGCG-treated groups. One-way ANOVA followed by
the Student–Newman–Keuls multiple-range test was used
to examine differences among multiple groups. Differences
were considered significant at p a 0.05. Statistics were per-
formed using SigmaStat (Jandel Scientific, Palo Alto, CA,
USA), and ROS data were logarithmically transformed.

3 Results

3.1 Effects of EGCG on ROS levels

EGCG increased the levels of ROS in concentration-
dependent (Figs. 1A and C) and time-dependent (Figs. 1B
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Figure 1. EGCG increased the production of ROS in 3T3-L1
preadipocytes (A and B) and adipocytes (C and D) in dose-
and time-dependent manners. (A) and (C) show a dose-
dependent effect of EGCG after 8 h of treatment. (B) and (D)
show a time-dependent effect of EGCG after treatment with
50 lM EGCG. Data are expressed as the means l SEM,
n = 4. ROS levels are expressed as multiples of the control
after normalization to the number of cells. * p a 0.05 versus
control (A and C: without EGCG treatment; B and D: at time
zero). a–e: groups with different letters are significantly differ-
ent (p a 0.05) from each other.
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and D) manners. The activation concentration of EGCG to
increase ROS levels of preadipocytes by 300–500% was
approximately 50 lM after 4–8 h of treatment (Figs. 1A
and B). While EGCG at 5 lM for 8 h had no significant
effect on ROS levels of preadipocytes, doses of EGCG at
10, 20, 50, and 100 lM, respectively increased the ROS lev-
els by 20, 68, 310, and 928% (Fig. 1A). At a given concen-
tration of 50 lM, EGCG at 4, 8, and 16 h significantly
increased ROS levels of preadipocytes (Fig. 1B). To investi-
gate whether EGCG was also able to affect ROS levels of
adipocytes, serum-starved 3T3-L1 adipocytes were
exposed to different concentrations (0–100 lM) of EGCG
for various time periods (Figs. 1C and D). We found that
exposure of adipocytes to 50 lM EGCG increased the intra-
cellular ROS levels by 180–300% at 8 h. In addition, the
adipocyte ROS levels were significantly increased by 47,
124, 179, and 271%, respectively, 8 h after 10, 20, 50, and
100 lM of EGCG treatment (Fig. 1C). At a given concen-
tration of 50 lM, EGCG at 8 and 16 h, but not 4 h, signifi-
cantly increased ROS levels of adipocytes (Fig. 1D).

3.2 Effects of EGCG on GSH levels

To understand whether GSH is related to the EGCG-
induced changes in ROS levels in 3T3-L1 preadipocytes,
changes in GSH levels were assessed (Fig. 2). First, we
found that EGCG decreased intracellular GSH levels in

concentration-dependent (Figs. 2A and C) and time-
dependent (Figs. 2B and D) manners. The concentration of
EGCG that decreased preadipocyte GSH levels by 50% was
approximately 50 lM with 8 h of treatment (Figs. 2A and
B). A similar effect of EGCG on adipocyte GSH levels was
observed (Figs. 2C and D). EGCG at 50 lM for 8 h
decreased adipocyte GSH levels by 30–50%.

The possibility that the EGCG-induced stimulation of
ROS levels resulted from the alteration in GSH levels was
also examined (Fig. 3). The 3T3-L1 preadipocytes and adi-
pocytes were treated with the GSH activator, NAC, in the
presence and absence of 50 lM EGCG for 8 h. In preadipo-
cytes, NAC alone increased the GSH, but not ROS, levels,
while in the presence of EGCG, it suppressed the EGCG-
increased levels of ROS (Fig. 3A) and EGCG-decreased
levels of GSH (Fig. 3B). In adipocytes, NAC alone tended
to decrease ROS levels and significantly increased the GSH
levels; but in the presence of EGCG, it suppressed the
EGCG-increased ROS levels (Fig. 3C) and the EGCG-
decreased GSH levels (Fig. 3D).

3.3 Differences of EGCG with other specific GSH
inhibitors

On the basis of the IC50 value of EGCG (50 lM) and BSO
(40 lM; data not shown) for inhibiting preadipocyte GSH
levels, we tested whether the stimulatory effects of EGCG
on ROS and GSH levels of fat cells differed from those of
BSO (Fig. 4). Preadipocyte ROS levels were significantly
increased by 90 and 450% by respective treatments with
BSO and EGCG (Fig. 4A). However, EGCG in combination
with BSO induced a 600% increase in ROS production. Pre-
adipocyte GSH levels were decreased by 50 and 55% by
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Figure 2. EGCG decreased the amounts of GSH in 3T3-L1
preadipocytes (A and B) and adipocytes (C and D) in dose-
and time-dependent manners. (A) and (C) show a dose-
dependent effect of EGCG after 8 h of treatment. (B) and (D)
show a time-dependent effect of EGCG after treatment with
50 lM EGCG. Data are expressed as the means l SEM,
n = 3. * p a 0.05 versus the control (A and C: without EGCG
treatment; B and D: at time zero). a–d: groups with different
letters are significantly different (p a 0.05) from each other.

Figure 3. NAC reversed the EGCG-altered levels of ROS (A
and C) and GSH (B and D) of 3T3-L1 preadipocytes (A and B)
and adipocytes (C and D). Data are expressed as the mean-
s l SEM, n = 3. * p a 0.05 versus control, or EGCG versus
NAC + EGCG (brackets).
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treatment with BSO or EGCG alone, respectively, when
compared to the control (Fig. 4B). A combination of EGCG
with BSO decreased GSH levels in preadipocytes by 65%.
In adipocytes, ROS levels increased by 50 and 80% by
respective treatments with BSO and EGCG, while GSH lev-
els decreased by 20 and 31% (Figs. 4C and D). Treatment
with EGCG and BSO induced 290% increases in ROS pro-
duction and 50% decreases in GSH amounts, respectively.

BSO was reported to specifically inhibit the activity of
c-GCS [29], which catalyzes the first step in the synthesis
of GSH [33]. To examine whether EGCG can alter the
activity of this enzyme in our cell culture system, we treated
serum-starved 3T3-L1 preadipocytes and adipocytes with
or without EGCG for 8 h, and then analyzed their c-GCS
activity. EGCG was observed to dose-dependently inhibit
c-GCS activity in preadipocytes after 8 h of treatment (data
not shown). The concentrations of EGCG to inhibit 50%
activity of preadipocyte c-GCS were in the ranges of 20–
50 lM as compared to the control (control: 4.3 l 0.55 mg
phosphate/mg protein vs. 50 lM EGCG: 1.65 l 0.19 mg
phosphate/mg protein). In adipocytes, 50 lM EGCG for 8 h
inhibited 50% activity of c-GCS (data not shown). These
results might explain the effect of EGCG in reducing GSH
levels of fat cells (Fig. 2).

3.4 EGCG-specific effects on ROS and GSH levels

When 50 lM of the four GTCs of EC, EGC, ECG, and
EGCG were individually added to preadipocytes for 8 h,
EGCG was the most effective in increasing the amounts of
ROS (Fig. 5A). EC and EGC did not significantly alter the
amounts of ROS. Preadipocyte GSH levels were signifi-

cantly inhibited by EGCG (Fig. 5B). Neither EC, EGC, nor
ECG significantly changed the amount of GSH. In adipo-
cytes, EGCG, but not EC, EGC, or ECG, significantly
increased ROS levels (Fig. 5C) and decreased GSH (Fig.
5D) levels.

3.5 The 67 kDa laminin receptor (67LR) antibody
blocked the effects of EGCG

The 67LR is considered to be a receptor for green tea
EGCG in human lung cancer cells [24]. Accordingly, the
possibility that the 67LR mediates the EGCG-altered ROS
and GSH levels in preadipocytes and adipocytes was exam-
ined (Figs. 6 and 7). We first found that 67LR mRNA (Fig.
6A) and protein (Fig. 6B) levels were changed during dif-
ferentiation of 3T3-L1 preadipocytes to adipocytes. Sec-
ond, we observed that pretreatment of preadipocytes with
either NRS or 67LR antiserum alone did not alter the
amounts of preadipocyte ROS (Fig. 7A) or GSH (Fig. 7B).
In addition, NRS did not block EGCG-stimulated ROS and
GSH levels. But, 67LR antiserum prevented the EGCG-
altered ROS and GSH levels produced by preadipocytes.
Treatment with both 67LR antiserum and EGCG induced a
43% increase in ROS production and a 51% decrease in
GSH depletion from preadipocytes when compared to treat-
ment with NRS and EGCG. In adipocytes, 67LR antiserum
also prevented alterations in ROS (Fig. 7C) and GSH levels
(Fig. 7D) caused by EGCG. Adipocytes treated with both
67LR antiserum and EGCG exhibited a 24% increase in
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Figure 4. EGCG enhanced the levels of ROS (A and C) and
GSH (B and D) of 3T3-L1 preadipocytes (A and B) and adipo-
cytes (C and D) altered by BSO. Data are expressed as the
means l SEM, n = 3. * p a 0.05 versus control, or BSO versus
BSO + EGCG (brackets).

Figure 5. Catechin-specific effects of green tea on the levels
of ROS (A and C) and GSH (B and D) of 3T3-L1 preadipocytes
(A and B) and adipocytes (C and D). Serum-starved cells were
treated with 50 lM of different catechins for 8 h. Data are
expressed as the means l SEM, n = 3. EGCG, EGC, ECG,
and EC. * p a 0.05 versus control. a and b: groups with differ-
ent letters are significantly different (p a 0.05) from each other.
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ROS production and a 45% decrease in GSH depletion
when compared to those treated with both NRS and EGCG.

Further demonstrations indicated that EGCG did not sig-
nificantly alter 67LR mRNA and protein levels of 3T3-L1
preadipocytes and adipocytes in the presence and absence
of the 67LR antiserum (Fig. 8). But, EGCG alone stimu-
lated the translocation of 67LR from cytosol to membrane,
and the stimulation appeared to be inhibited by 67LR anti-
serum treatment (Fig. 9).

3.6 Cytotoxic effect of EGCG

To determine whether EGCG induced alterations in ROS
and GSH levels through cytotoxic effects, we measured
LDH release into the culture medium in response to 8 h of
EGCG treatment (Fig. 10). First, we found that control 3T3-
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Figure 6. The 67LR gene expression changed when 3T3-L1
cells differentiated. (A) Shows 67LR mRNA levels as exam-
ined by RT-PCR GAPDH. (B) Shows 67LR protein levels as
examined by Western blot analysis. Different phases (days 0–
8 with day 0 being the day of cell differentiation when the dif-
ferentiation medium was added; day (-3) and day (-2) cells,
log-phase preadipocytes; day 0 cells, confluent preadipocytes;
day 2 and day 3 cells, differentiating preadipocytes; day 8
cells, differentiated adipocytes.) are indicated. Data are
expressed as the means l SEM, n = 3l5. * p a 0.05 versus dif-
ferentiated adipocytes.

Figure 7. The 67LR antiserum altered the effects of EGCG on
the levels of ROS (A and C) and GSH (B and D) of 3T3-L1 pre-
adipocytes (A and B) and adipocytes (C and D). Data are
expressed as the means l SEM, n = 3. * p a 0.05 versus con-
trol, or EGCG + NRS versus EGCG + antiserum (brackets).

Figure 8. EGCG and the 67LR antiserum did not significantly
alter the levels of 67LR mRNA (A and B) and protein (C and
D) of 3T3-L1 preadipocytes (A and C) and adipocytes (B and
D). Data are expressed as the means l SEM, n = 3.
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L1 preadipocytes (Figs. 10A and C) exhibited a lower mag-
nitude of LDH levels than did control 3T3-L1 adipocytes
(Figs. 10B and D). Second, EGCG dose-dependently
increased intracellular LDH levels in preadipocytes.
Although 3T3-L1 preadipocytes and adipocytes released
LDH over 8 h of incubation, roughly 14–46%, 5–100 lM
of EGCG did not trigger any statistically significant LDH
release than did the control.

4 Discussion

The present study demonstrates that green tea EGCG
increases production of ROS in preadipocytes and adipo-
cytes. The effects of EGCG were dose and time dependent.
In general, concentrations exceeding 50 lM were more
effective than low concentrations of a20 lM. These results
are similar to those observed previously for its regulatory
activities of neuroblastoma [17], hepatoma [16], bronchial
cells [39], colon adenocarcinoma HT29 cells [40], and leu-
kemia Jurkat cells [41]. It is likely that EGCG increases
ROS levels of fat cells by decreasing GSH levels. This con-
clusion is supported by the findings that treatment with
NAC prevented EGCG-increased ROS levels and the
EGCG-decreased GSH levels. It is interesting in our find-

ings that NAC alone slightly decreased ROS levels of prea-
dipocytes and adipocytes by 10 and 25%, respectively,
while it significantly increased GSH levels of preadipocytes
and adipocytes by 25 and 42%. One of the possible explan-
ations for the lesser effect of NAC on ROS than GSH pro-
duction is that the distinct types of antioxidant enzymes
(i. e., catalase, NADPH oxidase, xanthine oxidase, and
superoxide dismutase) and factors (i. e., NFjB and adipo-
nectin) [28, 42] may affect ROS and GSH production in
3T3-L1 cells at varying levels. This explanation is sup-
ported by the facts that NAC suppressed tumor necrosis fac-
tor a-decreased superoxide dismutase and catalase in 3T3-
L1 adipocytes [28] and that NAC reversed the effects of
H2O2 on the expression levels of adiponectin gene to normal
levels in 3T3-L1 adipocytes [42].

The GSH-dependent effect of EGCG observed in 3T3-
L1 cells is also strengthened by our findings that the GSH
depleter, BSO, alone decreased GSH and increased ROS
levels. However, it is interesting that EGCG used to treat
preadipocytes and adipocytes within the IC50 range enhan-
ces BSO-altered levels of ROS and GSH. It appears that
EGCG works differently from BSO in altering ROS and
GSH levels. Since BSO was reported as specifically inhibit
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Figure 9. Effects of the 67LR antiserum on the EGCG-stimu-
lated translocation of 67LR protein of 3T3-L1 preadipocytes
(A) and adipocytes (B). The white and black bars in (A) and
(B) represent the membrane and cytosolic 67LR, respectively.
Data are expressed as the means l SEM, n = 3. * p a 0.05 ver-
sus control, or EGCG versus EGCG + antiserum (brackets).

Figure 10. No cytotoxicity of EGCG on 3T3-L1 preadipocytes
(A, C, and E) and adipocytes (B, D, and F). Cells were treated
with 5–100 lM EGCG or vehicle at the 8 h of plating. LDH
was measured in the culture medium (A and B) and cell lyates
(C and D). Cytotoxicity was expressed as% LDH release (E
and F). Data are expressed as the means l SEM, n = 6. * p a

0.05 versus the control (C and E).
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the synthesis of GSH due to its inhibiting c-GCS activity
[29] and since EGCG was found in this study to inhibit
c-GCS activity in preadipocytes and adipocytes, the possi-
bility that the synergistic effect of EGCG and BSO on GSH
levels may be attributable to their having different binding
sites with c-GCS enzyme remains to be demonstrated.
Since decreased GSH content could result from decreased
GSH synthesis and increased GSH degradation, another
possible explanation is that EGCG may regulate the degra-
dation of GSH, in additional to the biosynthesis of GSH.
But, this assumption requires further demonstrations. Dif-
ferences in the synergistic effect of EGCG and BSO on
ROS levels between preadipocytes and adipocytes may be
also explained by the cell specificity. It is interesting in our
findings that EGCG in combination with BSO induced a
dramastic increase (l600%) in ROS production and a mar-
ginal decrease (l65%) in GSH levels. Possible explana-
tions for this difference is that the distinct types of antioxi-
dant enzymes and factors [28, 42] may be involved in the
regulatory effect of EGCG or BSO on ROS and GSH pro-
ductions in 3T3-L1 cells at varying levels. Accordingly, our
study could not exclude the possibility that the other enzy-
matic mechanisms of action of EGCG [29] may help
explain the differential effects of both EGCG and BSO on
ROS and GSH levels.

Catechin-specific effects of green tea have been related
on biological systems and cell functions based on a variety
of laboratory studies [3–6]. We found that the four major
GTCs increased preadipocyte ROS production in the order
of EGCG A ECG A EGC = EC. A similar catechin-specific
effect of green tea on adipocyte ROS levels was observed.
In parallel to this, EGCG at 50 lM for 8 h was found to
induce a 50% decrease in GSH levels from preadipocytes
and adipocytes, whereas neither EC, ECG, nor EGC at the
same concentrations and duration of treatment significantly
decreased GSH levels. According to structural differences
among them occurring in the number of hydroxyl groups
and the presence of a galloyl group, our results supported
the important roles of the galloyl group and the hydroxyl
groups of the B ring of EGCG in regulating ROS and GSH
levels of fat cells. This is consistent with previous results
that green tea modulates cell functions of fat cells in cate-
chin-specific ways [3, 11].

Distinct properties of both preadipocytes and adipocytes
have been extensively described [27, 43–46]. Whether pre-
adipocytes and adipocytes have different magnitudes of
ROS levels was determined in this study. We found that con-
trol 3T3-L1 preadipocytes exhibited a three-fold lower
magnitude of ROS levels (67 l 8 absorbance/cell number
vs. 20 l 2 absorbance/cell number) than did control 3T3-L1
adipocytes. This is similar to results reported by Mouche et
al. [46]. One of the possible explanations is attributable to
changes in GSH levels since GSH levels were about two-
fold higher in control preadipocytes (51 l 5 nmol/mg pro-
tein) than in control adipocytes (24 l 2 nmol/mg protein).

Differences in GSH levels may be explained by the fact that
c-GCS activity in control preadipocytes (4.3 l 0.55 mg
phosphate formed/mg protein) was found to be signifi-
cantly higher than that of control adipocytes (2.3 l 0.55 mg
phosphate formed/mg protein). We further demonstrated
whether preadipocytes and adipocytes have different
responses to EGCG at the level of oxidative stress.
Although EGCG generally had similar effects in altering
ROS production and GSH depletion between preadipocytes
and adipocytes, a more significant increase in the magni-
tude of ROS production in preadipocytes than in adipocytes
depended on the dosage range. This is supported by the
findings that EGCG at 50 lM, but not at 5–20 lM, for 8 h
increased ROS levels of preadipocytes and adipocytes by
300–500 and 180–300%, respectively, compared to the
control. At those concentrations, preadipocytes (l4 h) had
a more-acute response to EGCG in producing ROS than
adipocytes (l8 h). The different degree of EGCG-induced
ROS levels between preadipocytes and adipocytes might be
partially explained by changes in GSH levels induced by
EGCG since preadipocytes had a greater response to EGCG
than adipocytes in terms of GSH depletion and since the ris-
ing ROS levels induced by EGCG parallel decreases in
GSH levels caused by EGCG. Another explanation is that
basal ROS and GSH levels as previously described differed
between preadipocytes and adipocytes. This explanation is
strengthened by our findings that the GSH depleter, BSO,
alone more effectively caused GSH depletion and ROS pro-
duction in preadipocytes than in adipocytes.

In this study, differential 67LR levels might also explain
any difference in preadipocytes and adipocytes in response
to EGCG in producing oxidative stress, since 67LR gene
expression changed when 3T3-L1 cells differentiated (Fig.
6) and since 67LR antiserum treatment more effectively
prevented EGCG-altered ROS and GSH levels in preadipo-
cytes than in adipocytes (Fig. 7). These results, together
with the findings that NRS did not prevent the increased
ROS levels and decreased GSH levels by EGCG, suggest
67LR-dependent effects of EGCG on oxidative stress in fat
cells. This was consistent with those reported in lung cancer
cells [24]. Our further observations that 67LR antiserum,
but not NRS, blocked the EGCG-stimulated translocation
of this receptor from cytosol to membrane of 3T3-L1 prea-
dipocytes and adipocytes indicate that EGCG transiently
modifies the distribution of 67LR between cytosol and
membrane of fat cells. This observation may explain for our
findings that EGCG alone insignificantly increased 67LR
mRNA and protein levels of preadipocytes and adipocytes
by 5–15% and that the effects of 67LR antiserum on 67LR
gene expression appeared insignificant. Other possible
explanations are that the distinct signal transducers (i. e.,
extracellularly regulated kinase (ERK)) of the 67LR in
3T3-L1 preadipocytes and adipocytes may be affected by
EGCG. This assumption can be indirectly supported by the
evidence that EGCG reduced ERK kinase activity in 3T3-
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L1 preadipocytes and adipocytes [18, 21] and that EGCG
stimulated expression of eukaryotic translation elongation
factor 1A gene in tumor cells via the 67LR pathway [47].

GTCs have numerous biological effects in vitro, and gen-
erally effects are observed in the range of 10–100 lM [3].
In vivo, plasma concentrations of green tea EGCG or other
catechins as generally reported in animals and humans are
about 1 lM [3]. However, the absorption and distribution of
administrated EGCG and other tea catechins are poor and
dependent on catechin structure, purity, dosage, the route of
administration, and the tissue involved. For example, after
consumption of 1.5 g of decaffeinated green tea solids, the
catechins in human plasma reached peak levels in 1.5–
2.5 h [48]. At that time, the plasma levels (free and conju-
gated) of EGCG, EGC, and EC levels were 0.26, 0.48, and
0.19 lM, respectively, while ECG was not detected [48].
Consumption of a single high dose of green tea, equivalent
to six cups of tea, can raise plasma levels of catechin to 2–
4 lM in 60 min [49]. In a phase I pharmacokinetic study to
determine the systemic availability of green tea EGCG after
single oral administration of 800 mg EGCG (approximately
eight cups of green tea at once) to healthy subjects, the aver-
age maximum plasma concentration and terminal elimina-
tion half-life are about 0.96 lM, 4 and 2 h, respectively
[50]. A few minutes after two to three cups of green tea are
consumed, the saliva levels of various catechins reach peaks
of 39–144 lM EGCG, 11–48 lM EGCG, and 7–28 lM
EC [51]. Sixty minutes after intragastric administration of
EGCG at a dose of 500 mg/kg body weight to rats, the lev-
els of EGCG were 10 lM in plasma, 48 lM in the liver,
0.5 lM in the brain, 565 lM in the small intestinal mucosa,
and 68 lM in the colon mucosa [52]. When [3H]EGCG is
administered directly into the stomach of mice, radioactiv-
ity is found in the digestive tract, liver, lung, pancreas,
mammary gland, skin, brain, kidney, uterus, ovary, and tes-
tis [53]. When EGCG was administrated at a dose of
100 mg/kg body weight to rats by intraperitoneal injection,
the plasma concentrations of unmetabolized EGCG, deter-
mined by HPLC, were 24, 2, 1, and 1 lM at 0.5, 1, 2, and
24 h, respectively [52]. Unfortunately, what is not clear at
this time is whether effective doses of catechins can be
achieved in adipose tissues simply by consuming tea infu-
sions. Accordingly, the doses (5–100 lM) of EGCG (the
effective dose of this study is in the range of 10–100 lM)
or other tea catechins generally used in this study compati-
ble with the goal of helping regulating the ROS production
of this study and the initiation and progression of obesity
[3, 11] were a little bit higher, but might be acceptable for
the physiological effect of EGCG in animals. This is indi-
rectly supported by the evidence that green tea EGCG given
to rats by intraperitoneal administration at a dosage of 70–
92 mg per 1000 g body weight, which contained about
152–200 lM (if the density of rat body weight is assumed
to be 1 g/cm3), could within 8 days decrease body weight,

body fat, adipose weight, and serum lipid levels in rats [54],
and that EGCG given to mice by oral administration at a
dosage of 0.5–1 g per 100 g diet, which contained about
10 900–21 800 lM of EGCG (if the density of diet is
assumed to be 1 g/cm3), could within 29 days reduce body
weight, adipose fats, and serum triglycerides in mice [12].

In this study through the determination of LDH release
into the culture medium, EGCG at 5–100 lM produced no
cytotoxic effects. Because the time required for EGCG to
cause increases in ROS production obtained from this study
is earlier than that of decreases in the cell viability caused
by EGCG [18], EGCG may act at 50 lM to inhibit cell pro-
liferation [18] and apoptosis [19, 20] of 3T3-L1 cells via
oxidative stress as reported for hapatoma [16]. Indeed, we
observed in this study that NAC treatment reversed the
effects of EGCG in reducing the number of 3T3-L1 preadi-
pocytes and adipocytes (data not shown) with concurrent
changes in ROS and GSH levels (Fig. 3) when the cells
were examined by the trypan blue dye exclusion method.
Firm conclusions as to whether any of these in vitro effects
of EGCG can explain for its in vivo effects on body weight,
body fat, and adipose weight in animals [52] and humans
[11, 12] will require more thorough in vivo studies.

We concluded that the stimulatory effects of EGCG on
ROS production of preadipocytes and adipocytes are medi-
ated through a GSH-dependent pathway. While EGCG was
demonstrated to increase ROS levels and decrease GSH lev-
els, its signaling was altered by 67LR antibody treatment.
This suggests a 67LR-mediated effect of EGCG. Increases
in oxidative stress induced by EGCG in this study may have
been related to the mechanism through which EGCG exerts
its effects on fat cells [18–20]. In aspect of the antiobesity
effect of EGCG [11, 12], the EGCG-induced ROS produc-
tion in fat cells appears beneficial. While many benefits of
GTCs have received great attention [3], it is also important
to consider the adverse effects that may accompany heavy
use of green tea or catechins. For example, increases in oxi-
dative stress of fat cells induced by EGCG may be detri-
mental to health by interfering the adipocyte endocrine
activity [12, 21] or causing normal cell apoptosis [3].
Accordingly, it would be worthwhile in a further in vivo
study to explore whether the EGCG-induced ROS produc-
tion is beneficial or detrimental to health.
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