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ABSTRACT

Cellular and mitochondrial damage can be caused by
labile iron pool (LIP) and mediated by reactive oxygen
species (ROS). Livers of the thalassemias have highly
increased levels of LIP and ROS. Green tea extract
(GTE) and epigallocatechin 3-gallatte (EGCG) can
potentially protect liver inflammation, fibrosis and
cancer due to their anti-oxidative and iron-chelating
activities. We studied the effects of GTE and EGCG
on intracellular LIP and ROS, and mitochondrial
membrane potential (AY¥,,) in mouse hepatocyte and
HepG2 cell cultures using specific fluorescent tech-
niques. Treatment with GTE (12.5 - 25 mg/dl) and
EGCG (25 - 50 pM) significantly lowered levels of
AY¥,, in the mouse hepatocytes; however, combined
treatment of 25 pM DFP with GTE and EGCG did
not enhance the decrease of hepatic AY,,. The results
showed that GTE and EGCG effectively removed the
intracellular LIP and ROS, and relieved the mito-
chondria membrane collapse of the liver cells, sug-
gesting a hepatoprotective effect of green tea extract
and EGCG in the hepatocytes with iron overload.
Their actions might be related to iron-chelating and
free radical-scavenging capacities. Whether the ef-
fects can improve iron overload and oxidative stress
in thalassemia patients remains to be seen upon fur-
ther examination.
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1. INTRODUCTION

Excess iron catalyzes production of reactive oxygen spe-
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cies (ROS) via Fenton/Haber-Weiss reaction [1], which
in turn induces the oxidation of proteins, lipids and lipo-
proteins, nucleic acids, carbohydrates [2,3]. Accordingly,
the deleterious effects result in cell and organelle damage,
cell death, tissue necrosis, and organ dysfunction. b-
Thalassemia patients suffer from secondary iron over-
load and therefore require effective iron chelation with
desferrioxamine (DFO), deferiprone (DFP) and defera-
sirox (DFX). Iron could also function as a priming or
sensitizing factor to modulate the biochemical and toxi-
cological actions of microsomal cytochrome P450 2E1
(CYP2EIl) in rat hepatocytes and HepG2 cells [4]. In
postulate intracellular labile iron pool (LIP) would be
redox-active, chelatable low-molecular-mass iron (Fe’"
rather than Fe’"). A wide range of LIP concentrations
have been reported in erythroid and myeloid cells [5],
peripheral blood lymphocytes [6], mouse lymphoma cells
[7] and rat hepatocytes, as well as subcellular organelles
[8]. Importantly, the LIP plays a role in the induction of
cellular and tissue oxidative damage. In the liver with
iron overload and oxidative stress, free radicals and their
lipid-peroxidation products can trigger organelle dys-
functions, inflammation, fibrosis and eventually cell death
[9]. Reduction of the LIP with iron chelators or/and an-
tioxidants prevents nuclear and mitochondrial DNA breaks
of the liver cells. An association of CYP2E1-dependent
oxidative stress, mitochondrial membrane-potential (AWY,,)
collapse and GSH depletion possibly contributes toward
the developing toxicity of iron to the liver [10].

Green tea (Camellia sinensis) contains catechin de-
rivatives including gallic acid (GA), epigallocatechin
(EGC), epicatechin (EC), epigallocatechin 3-gallate (EGCG)
and epicatechin 3-gallate (ECG), of which EGCG is a
major active ingredient [11,12]. EGC, EGCG, ECG and
EC exhibited binding activity to iron with a molar ratio
of 3:2, 2:1, 2:1 and 3:1, respectively [13]. Their iron-
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binding activity influenced a change of iron-induced cal-
cium homeostasis in liver tissue suspension [14]. Inter-
estingly, EGCG protected CYP2E1-dependent oxidative
stress and iron toxicity in HepG2 cells [15] and inhibited
iron-induced lipid peroxidation in rat liver microsomes
[16], possibly by iron-chelating and free-radical scav-
enging properties. A previous study reported that green
tea catechins counteracted oxidative mitochondrial dam-
age in the livers of reserpine-treated rats [17]. However,
the order of cytotoxicity of the tea catechins to rat heap-
tocytes has been reported: EGCG > ECG > GA, EGC >
EC [18]. A combination of chloroform extract from Zizy-
phus jujube and green tea enhanced the inhibition of
HepG2 cell growth [19].

Our studies have shown that green tea extract (GTE)
ameliorated iron overload and oxidative stress in rats [20]
and inhibited the accumulation of iron in the livers of
wild-type and thalassemic mice [21]. Circumstantial data
reported a biological evaluation of combined chelation
therapy for reducing iron overload [22-25]. Hypotheti-
cally, DFP could induce its iron to shuttle with green tea
catechins to enhance the reduction of iron overload and
oxidative stress. In this study, we examined effects of the
GTE and EGCG on levels of LIP, ROS and AY,, in pri-
mary hepatocyte and HepG2 cell cultures. Combined
treatments of DFP with GTE and EGCG were also in-
vestigated.

2. MATERIALS AND METHODS
2.1. Chemicals

Acetonitrile, absolute ethanol, ethyl acetate, and metha-
nol were the highest pure solvents. Calcein-AM solution
(Invitrogen Corporation, CA, USA), dihydrorhodamine
123 (DHR123) (Biotium, Inc., CA, USA), and 2°,7’-
dichlorodihydrofluorescein diacetate (DCFHDA) (Sigma-
Aldrich, St. Louis, MO, USA) were the fluorescent
probes. Collagenase type IV, Dulbecco’s modified eagle
medium (DMEM), Kreb-Ringer buffer (KRB), penicil-
lin-streptomycin, 0.5% trypsin-EDTA solution and fetal
bovine serum were purchased from GIBCO® Invitrogen,
CA, USA. Insulin (Humulin®R) is a prodcut of Health
Central Network Inc., USA. Dexamethazone, dihydrogen
phosphate potassium salt (KH,PO,), disodium hydrogen
phosphate (Na,HPO,), 4-(2-hydroxyethyl)-1-piperazine
ethane sulfonic acid (HEPES), 3-(4,5-dimethyl thiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT dye), eth-
ylene glycol-bis(2-amino ethyl ether)-N,N,N’,N’-tetraace-
tic acid (EGTA), hydrogen peroxide (30%), and EGCG
were obtained from Sigma-Aldrich, St Louis, MO, USA.
Dimethyl sulfoxide (DMSO) (Fisher Scientific, UK),
ferric ammonium citrate (FAC) (BDH, England) and
DFO (Novatis, Switzerland) were purchased from a dug
store in Maharaj Nakorn Chiang Mai Hospital, Faculty of

Copyright © 2012 SciRes.

Medicine, Chiang Mai University. Deferiprone (DFP)
was kindly donated by Dr. Chada Phisalapong, Govern-
ment Pharmaceutical Organization Thailand.

2.2. Green Tea and EGCG Preparations

Fresh tea shoots were harvested and immediately dried in
a microwave oven (3 min, 800 watts, 100°C). Dry tea
leaves were extracted with hot deionized water (80°C)
for 15 min and filtered through 0.45-um membrane (cel-
lulose acetate type, Millipore, Maidstone, England) and
dried under a vacuum. Results of HPLC analysis using
the column (Waters SpheroSorb-ODS2, 250 mm x 4.7
mm, 5-pm), mobile-phase solvent (0.05% H,SO4:ace-
tonitrile:ethyl acetate = 86:12:2, v/v/v), a flow rate of 1.0
ml/min, as well as the detection of 280 nm, indicated
amounts of EGC, C, EC, EGCG, ECG and total catechin
quantities persisting in the GTE were 102, 5.1, 53.9, 88.7,
4.3 and 255 mg/g dry weight, respectively [11,12,21].
EGCG was isolated from green tea extract (5.0%, w/v)
using semi-preparative HPLC according to the following
conditions: the main column (Luna ODS2, 250 mm % 10
mm, 5 pm, Phenomenex”®, Torrance, California, USA)
connected to the guard column (Luna ODS2, 50 x 10 mm,
5 pm, Phenomenex®, Torrance, California, USA), iso-
cratic elution with solvent (methanol:H,O = 29:71, v/v)
at a flow rate of 1.0 ml/min, and detection of catechin
derivatives at 280 nm. EGCG fraction was pooled and
checked for purity using the analytical HPLC as de-
scribed above. Methanol constituted in the pooled frac-
tions was removed under a vacuum using a freeze-dry
technique. Prior to being used, lyophilized EGCG frac-
tion was stored in the dark at —20°C.

2.3. Isolation and Cultures of Hepatocytes

Mice (C57/BL6, age 9 - 12 wk, weight 30 - 35 g) were
provided by Professor Suthat Fucharoen at Thalassemia
Research Center, Institute of Molecular Biosciences, Ma-
hidol University and used as a source of primary heap-
tocytes. The animal study was conducted with the ap-
proval of the Institutional Animal Care and Use Com-
mittee (IACUC) of the Faculty of Medicine, Chiang Mai
University (Reference Number-3/2548). Mice were anes-
thetized with vapor diethyl ether and their chests were
opened. The liver was perfused in situ via the portal vein
with the Kreb-Ringer buffer (KRB), pH 7.4 comprising
116 mM NaCl, 5.4 mM KCI, 25 mM NaHCO; and 0.63
mM EGTA at 37°C at a flow rate of 1 ml/min for 20
minutes and with the KRB buffer containing 1 mM CaCl,,
0.025% (w/v) collagenase type IV for 20 min. The livers
were excised, teased apart, incubated at 37°C for a fur-
ther 15 min in the collagenase solution, and isolated
hepatocytes were harvested through nylon mesh (250 -
61 um). Crude cells were sedimented by differential cen-
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trifugation (60 g) for 5 min at 25°C and resuspended in
the 20 mM HEPES buffer containing 116 mM NacCl, 5.4
mM KCI, 1 mM CaCl,, pH 7.4. Cell viability was as-
sayed using trypan blue exclusion technique. Cell num-
bers were adjusted to 4 x 10° viable cells/ml and cultured
in DMEM supplemented with 10% (v/v) FBS, 2.0 mM
glutamine, 100 U/ml penicillin/100 U/ml streptomycin,
200 m U/ml insulin and 1 uM dexamethasone. Human
hepatoma (HepG2) cells were used to study the bio-
chemical and toxicological properties due to their in-
creased oxidative stress, loss of mitochondrial function,
and loss of viability when challenged with proxidants
such as iron [26]. Cells were cultured in complete DMEM
containing 2 mM glutamine, pyridoxine hydrochloride,
110 mg/l sodium pyruvate, 10 mM HEPES, 44 mM
NaHCO;, 10% (v/v) inactivated FBS and 0.01% (w/v)
penicillin-streptomycin 37°C [27].

2.4. Chelation of LIP of Hepatocyte Cultures

Primary hepatocytes and HepG2 cells (5 x 10° cells/well)
were exposed to FAC solution (0.5 mM) at 37°C under
5% CO, atmospheric conditions for 24 hours and washed
three times with PBS solution and a pH of 7.4 to remove
the excess iron [28,29]. Solutions of GTE (0 - 100 mg/dl),
EGCG (0 - 200 uM), DFP (0 - 200 pM), DFO (0 - 200
uM), GTE (0 - 100 mg/dl) with 25 uM DFP and EGCG
(0 - 200 uM) with 25 uM DFP were freshly prepared in
50 mM HEPES buffer at a pH of 7.2 and then filtered
through a membrane (cellulose type 0.22 pm). The cells
were incubated with the GTE, EGCG, DFP, DFO, GTE
plus DFP and EGCG plus DFP solutions at 37°C for 6,
12 and 24 h [30]. The treated cells were washed three
times with the culture medium and labeled with cal-
cein-AM solution (50 uM in DMSO). Fluorescent inten-
sity (FI), which was inversely proportional to the ana-
lyzed amount of LIP, was measured with a 96-well plate
reader spectrofluorometer (absorption/excitation wave-
lengths 485 nm/530 nm) [5]. Viability of studied cells
was greater than 80% and was not changed during the
assay.

2.5. Reduction of ROS Levels of Cultured
Hepatocytes

DCFH-DA can simply diffuse into the cells and be hy-
drolyzed by esterase in viable cells to produce 2°,7’-di-
chlorofluorescein (DCFH), which will be subsequently
oxidized by existing ROS to 2°,7’-dichlorofluorescein
(DCF). An increase of a green fluorescent signal indi-
cates increased intracellular oxidative stress. The heap-
tocytes were incubated with the compounds as above at
37°C for 0, 6, 12 and 24 h. The treated cells were washed
three times with the culture medium, labeled with DCFH-
DA solution (10 uM in methanol) for 30 min, and chal-
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lenged with H,O, solution (125 pM). FI was measured
using the spectrofluorometric technique (excitation/emis-
sion wavelengths 485 nm/530 nm) [31].

2.6. Effects of Mitochondrial Membrane
Potentials of Cultured Hepatocytes

A cationic probe dihydrorhodamine 123 (DHR123) is
used to signal the loss of mitochondrial membrane po-
tential which results in changes in the fluorescent inten-
sity termed redistribution signals. Nonfluorescent DHR 123
readily enters most of the cells in the mitochondrial ma-
trix in response to mitochondrial membrane potential and
can be oxidized by cellular ROS or redox system to the
fluorescent R123 that accumulates in the mitochondrial
membranes [32]. Briefly, the hepatocytes treated with the
compound(s) as above were centrifuged at 1000 g, 4°C
for 1 min. The cell pellet was resuspended in 2 ml of the
medium containing 1.5 uM DHR123 and then incubated
under 5% CO, atmospheric conditions at 37°C for 10
min. After incubation, the cells were separated by cen-
trifugation at 1000 g, 4°C for 1 min and FI was measured
using the spectrofluorometric technique (Aexcitation/Aemission
490 nm/520 nm). The capacity of mitochondria to take
up the R123 was calculated as the difference of FI be-
tween untreated cells (control) and treated cells.

3. RESULTS AND DISCUSSION

We have demonstrated that catechin derivatives like
EGCG and ECG in the green tea extract exhibit antioxi-
dative and iron-chelating properties that can relieve iron
overload and oxidative stress in the plasma compartment
and vital organs (e.g. spleen, liver and heat) of rats and
b-thalassemia mice [11,20,21,33]. Our present study sup-
ports the evidence that the extract and EGCG are effec-
tive in significantly decreasing intracellular LIP levels in
the cultured mouse hepatocytes (Figure 1) and HepG2
cells (Figure 2). Most importantly, the combined treat-
ment of 25 mM DFP with GTE (12.5 and 25 mg/dl) and
with EGCG (50 and 100 mM) significantly enhanced the
removal of LIP in the HepG2 cells, but not in the pri-
mary mouse hepatocytes (Figure 3). DFO and DFP could
not lower the levels of ROS in the two hepatocytes,
whereas the extract and EGCG tended to reduce the ROS
levels significantly in a concentration-dependent manner
(Figures 4 and 5, respectively).

Nonetheless, the combined treatment of DFP with the
extract and EGCG did not give any different results of
the ROS and membrane potential levels when compared
to the treatment with the extract or the EGCG alone
(Figure 6). Interestingly, the crude extract and EGCG
lowered the level of the hepatic mitochondrial membrane
potentials (Table 1).
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Table 1. Levels of mitochondrial membrane potential (V) in the mouse hepatocytes treated with EGCG, DFP and DFO (25 - 200
uM), GTE (12.5 - 100 mg/dl), 25 uM DFO plus EGCG (25 - 200 uM), and 25 uM DFP plus GTE (12.5 - 100 mg/dl). Data were
obtained from three independent triplicate experiments and expressed as mean + SD. “p < 0.05, “"p < 0.005, **p < 0.001.

%FI compared to no treatment

Treatment

Oh 6h 12h 24h

0 100 100 100 100

12,5 94+9 1013 93+9 97+6

GTE (mg/dl) 25 104 + 17 96+ 6 96+ 6 97+5"
50 102 + 14 102+7 113+ 11 99 + 4

100 104+ 13 102+5 99+ 14 102+9

0 100 100 100 100
25 86+7"" 94+ 11 94+ 10 87+ 15"
EGCG (uM) 50 109 + 20 98+ 3 100+9 105 +20
100 101 +19° 99 + 4 104+7 99+ 11
200 94+ 8" 103+5 95+8" 104+ 10

0 100 100 100 100
25 105+5™ 102+5 108+ 9 108+ 10

DFP (uM) 50 107 £9™ 105+9 98 +4" 99 + 4
100 89+ 10 91+ 11 91+9 91 +11
200 103+ 8 100+ 4 110+ 117 109 + 14

0 100 100 100 100

25 107+9 104+ 6 108 £ 13 96+9
DFO (uM) 50 102+ 5" 107 +11° 106 + 10 109+ 19
100 97+8 94 + 14 94+6 97+ 11
200 102+7 103+6 107 £ 10 110+ 11

(I 100 100 100 100

125 78+5"" 91+9" 93+ 10 92+ 13
25 uM DFP + GTE (mg/dl)* 25 95+6™" 102+5 102+8 98+ 8™
50 112+ 14™ 99+ 7 102+7 104+3

100 90 + 13" 101£5 98 + 13" 99 + 3"

0" 100 100 100 100

25 93 + 4 93+ 10 95+ 19 94+ 11

25 uM DFP + EGCG (uM)} 50 99+ 4™ 101+3 94+8" 96+ 6"
100 100 + 8" 99+5 100+ 7 101+8
200 98 + 4" 102+7 97+6 101 +4

Like DFO and DFP, the substances behave as natural
iron-chelating agents that can remove intracellular re-
dox-active iron called LIP and scavenge produced ROS
in the liver. The results imply that green tea catechins,
especially EGCG would be hepatoprotective against iron
overload-induced oxidative stress and inflammation.

Liver is the main organ for iron storage and metabo-
lism, which can be affected by excessive redox iron and
reactive oxidants. Drug regimens such as those that use
an iron chelator or antioxidants are recommended for
[P-thalassemia patients with iron overload to relieve oxi-
dative tissue damage and improve their quality of life [34,
35]. Moreover, the development of a cheap, orally effec-
tive iron chelator is of great importance [36]. Iron-over-
load diseases frequently develop hepatocellular carci-
noma, which the pathogenesis might involve an oxida-
tive process via the intermediate production of ROS.
Examination of liver iron content is required for diagno-
sis of iron overload [37].
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Phytochemicals possess outstanding antioxidant and
free radical-scavenging properties, suggesting a possible
protective role in man [38]. For instance, green tea is an
excellent source of many antioxidative polyphenols and
their beneficial effects can be applicable for treatments
of [-thalassemia major patients. D-tagatose is an anti-
oxidant and weak iron chelator which can remove re-
dox-active iron and decrease oxidative stress in primary
cultures of mouse hepatocytes [39]. Under iron overload,
toxic irons such as non-transferrin bound iron (NTBI)
and labile plasma iron (LPI) are transported in transfer-
rin-saturated plasma and rapidly cleared by the liver. An
in vitro study reported that cultured rat hepatocytes had a
high capacity to take up the heterogeneous forms of
NTBI by facilitated diffusion. HepG2 cells took up the
iron for their rapid growth and proliferation faster than
the hepatocytes of wild type mice did [40,41]. However,
primary hepatocytes are still used as a cell culture model
to identify mechanisms of hepatocellular damage, though
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there are some examples for compounds causing hepatic
damage in vivo which could not be demonstrated in liver
cells in vitro. Though GTE and EGCG potentially che-
lated redox-active iron and scavenged reactive oxidants
in the liver cells with iron overload, a therapeutic dose of
the compounds is important and needs optimizing to
achieve effective chelation and minimal adverse effects.
Gaboriau and colleagues showed that CP20 (or DFP) and
CP411 efficiently protected cultured rat hepatocytes and
hepatoma cells from a toxic effect of iron load [42]. One
study demonstrated that DFO penetrated into the hepa-
tocytes and chelated cytosolic LIP slowly, whereas DFP
and DFX readily entered the cells and efficiently che-
lated the LIP [43]. Synthetic a-ketohydroxypyridine che-
lator, such as DFP, was active in removing iron from the
reticuloendothelial system and hepatocytes, and was su-
perior to DFO [44].

To achieve a therapeutic approach, green tea catechins
must readily penetrate into the cells and interact with
intracellular reactive oxidants including redox-active iron
and free radicals efficiently. Since HepG2 cells are highly
metabolic human hepatoma cells and produce larger
amounts of reactive oxidants, their free-radical scaveng-
ing activity seems to be more apparent than that of pri-
mary hepatocytes. EGCG was postulated to be a potent
antioxidant and effectively afforded protection of rat
primary hepatocytes from free radical-mediated diseases
[45]. Mushroom (Phellinus linteus) protected primary rat
hepatocytes from ferric nitrilotriacetate-induced oxida-
tive damage and attenuated the cytotoxicity of other oxi-
dants, possibly by increasing antioxidant (such as re-
duced glutathione) concentration and enhancing antioxi-
dant enzyme activities (such as glutathione reductase,
glutathione peroxidase, superoxide dismutase) [46,47]. In
our observations, GTE and EGCG were toxic to HepG2
cells but not toxic to mouse hepatocytes when treated at
high dose (data not shown). Our study using reducing
powers-assayed MTT test also showed that the substances
enhanced the viability of the cells (data not shown),
probably due to a regeneration of the damaged livers that
had been exposed to iron and free radicals.

Major hepatic toxicities of iron overload include dam-
age to multiple cell types (hepatocytes, Kupfer cells,
hepatic stellate cells) and to multiple subcellular organ-
elles (mitochondria, lysosomes, and smooth endoplasmic
reticulum) [48]. Evidence has shown that tea phenolic
acids and catechins containing gallic acid moieties were
toxic toward isolated rat hepatocytes, where the order of
cytotoxicity was EGCG > propyl gallate > ECG > gallic
acid, EGC > EC [18]. In our findings GTE, EGCG, DFP
and DFO were toxic to the HepG2 cells, depending on
the applied doses and the degree of the toxicity (GTE >
DFO > DFP > EGCQG), while the duration of chelation
also influenced the cytotoxic effect (data not shown). A
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recent study has reported that a combination of the chlo-
roform fraction from drinking tea (Zizyphus jujube) and
GTE enhanced inhibition of HepG2 cell growth in Gl
arrest phase, suggest a synergism in anticancer activity
[19]. The extract of herbal tea (Ardisia compressa) had
an antioxidant protective effect on rat hepatocytes when
exposed to 1-NP, and was superior to EGCG anti-oxida-
tion [49].

It was elucidated that iron suppressed the expression
of chimeric human transferrin genes in the livers of
transgenic mice and regulated the synthesis of endoge-
nous transferrin in the HepG2 cells [50]. Iron was found
to be cytotoxic in CYP 2E1-overexpressing HepG2 cells
(E47 cells). In the development of toxicity by exposure
of the hepatocytes to the tested compounds, the toxicity
was prevented by antioxidants. Interestingly, Makino
(Crossostephium chinensis L.) showed antioxidant, iron-
chelating and anti-proliferative activity in HepG2 cells
[51]. Toxicity of increased ROS in the arachidonic acid-
enriched HepG2 cells can be prevented by antioxidants
and DFO [52]. DFP and DFO have been shown to inhibit
HepG?2 cell proliferation in the S-phase of cell cycle [53].
The molar ratio of DFP to iron (at least 3:1) is optimal to
inhibit ROS generation; nevertheless, lower concentra-
tions of the DFP can potentiate oxidative DNA damage
in iron-loaded HepG2 cells [54].

4. CONCLUSION

Green tea and EGCG effectively lowered levels of re-
dox-active iron and ROS in primary hepatocyte and
HepG2 cell cultures. EGCG also scavenged hepatic mi-
tochondrial free radicals effectively and the benefit would
prevent liver mitochondrial damage and apoptosis. Our
findings imply the protective and therapeutic effects of
green tea catechins on the liver with iron overload and
oxidative stress. Prospectively, the merit adjunctive study
of green tea products and DFP needs designing to pre-
vent liver pathogenesis in b-thalassemia patients with
iron overload in the near future.
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