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Abstract: Objective: To evaluate effects of epigallocatechin-3-gallate (EGCG) on the viability, membrane properties, and zinc
distribution, with and without the presence of Zn2+, in human prostate carcinoma LNCaP cells. Methods: We examined changes in
cellular morphology and membrane fluidity of LNCaP cells, distribution of cellular zinc, and the incorporated portion of EGCG
after treatments with EGCG, Zn2+, and EGCG+Zn2+. Results: We observed an alteration in cellular morphology and a decrease in
membrane fluidity of LNCaP cells after treatment with EGCG or Zn2+. The proportion of EGCG incorporated into liposomes
treated with the mixture of EGCG and Zn2+ at the ratio of 1:1 was 90.57%, which was significantly higher than that treated with
EGCG alone (30.33%). Electron spin resonance (ESR) studies and determination of fatty acids showed that the effects of EGCG
on the membrane fluidity of LNCaP were decreased by Zn2+. EGCG accelerated the accumulation of zinc in the mitochondria and
cytosol as observed by atomic absorption spectrometer. Conclusion: These results show that EGCG interacted with cell membrane,
decreased the membrane fluidity of LNCaP cells, and accelerated zinc accumulation in the mitochondria and cytosol, which could
be the mechanism by which EGCG inhibits proliferation of LNCaP cells. In addition, high concentrations of Zn2+ could attenuate
the actions elicited by EGCG.
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INTRODUCTION
Tea catechin has chemopreventive potential in
cancers, especially in prostate cancer. Oral green tea
catechin is safe and effective in the treatment of
pre-malignant lesions of prostate cancer (Bettuzzi et
al., 2006). Epigallocatechin-3-gallate (EGCG), the
major polyphenolic constituent present in green tea,
showed significant inhibitory action on the growth of
prostate cancer cells in vitro and tumor models (Liao
et al., 1995; Gupta et al., 2000; Chung et al., 2001;
‡
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Vayalil and Katiyar, 2004). However, the exact
mechanism by which EGCG brings about its
anti-proliferative action on cancer cells is not clear. It
is believed that the 67-kDa laminin receptor (67LR) is
the primary target of EGCG (Tachibana et al., 2004;
Fujimura et al., 2005). Furthermore, membrane androgen receptor could be one potential target of
EGCG, which is expressed by prostate cancer but not
by non-neoplastic cells (Kampa et al., 2002; 2005;
Stathopoulos et al., 2003). It is likely that agents that
act on laminin and androgen receptors could induce
the polymerization of action cytoskeleton and the
redistribution of microfilaments (Kampa et al., 2002),
and cause apoptosis (Kampa et al., 2005). Very few
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studies have been performed to date on the action of
EGCG on prostate cancer cell membrane.
Recently, several reports have focused on the
interactions of catechin with metal ions (Reznichenko
et al., 2006; Yu et al., 2005; Hayakawa et al., 2004;
Chen et al., 2007). Catechin induces redox reactions
or chelates with metal ions, especially transitional
metal ions, which lead to bioactivity changes of
catechin. Zinc ion (Zn2+) plays a significant role in the
pathogenesis of prostate cancer. Prostate gland is rich
in zinc (Yaman et al., 2005). Zn2+ inhibits the growth
of prostate cancer cells and acts as an anti-tumor
agent (Uzzo et al., 2006; Franklin and Costello, 2007),
but this has been disputed. In a case-control study, it
has been reported that high zinc intake (≥15.7 mg/d)
increases the risk of prostate cancer (Gallus et al.,
2007). In view of this, it is important to know the
interaction between EGCG and Zn2+ and how their
interaction modifies the risk of prostate cancer.
Our previous studies revealed that biological
activities of EGCG are altered in the presence of Zn2+,
Cu2+, and Cd2+, and the results rely on (1) the relative
concentrations of EGCG and metal ions, and (2) the
order of their additions that might have led to the
formation of complexes between EGCG and metal
ions, which could lead to changes in the generation of
free radicals within the cells (Yu et al., 2005; 2007;
Chen et al., 2007). Nevertheless, there is little information available in literature about the interactions
between EGCG and metal ions, especially with regard
to their action on cell membrane of prostate cancer
cells. Hence, we studied the effects of EGCG and
Zn2+ on viability, membrane properties, and zinc distribution of LNCaP cells.

Cell culture
LNCaP cells were cultured in F-12 nutrient
mixture medium (GIBCO, Invitrogen Corporation)
supplemented with 10% (v/v) fetal bovine serum and
100 U/ml penicillin-streptomycin in a humidified 5%
CO2 incubator at 37 °C. The cells were incubated for
an additional 24 h prior to treatment. After treatment
with EGCG and Zn2+ at various concentrations, the
cells were incubated for a further 24 h. All experiments were repeated at least thrice, each time in
duplicate.
3-[4,5-Dimethythiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) assays
We performed MTT assays to determine the
effects of EGCG and Zn2+ on the growth of LNCaP
cells. Cells were plated in 96-well tissue culture
plates and were treated with varying doses of EGCG
and Zn2+ for 24, 36, and 48 h. After completion of the
treatment, cells were washed with phosphate buffered saline (PBS), and 20 μl of 5 mg/ml MTT was
added. Then the cells were incubated for 4 h at 37 °C
to allow the formation of formazan precipitate, which
subsequently was dissolved in dimethyl sulfoxide
(DMSO). The absorbance in each well was then
measured with a microplate reader (Thermal Lab
System, Finland) at 490 nm, and the viability of cells
in each well was presented as the percentage of control cells.
In addition, we investigated the mixture of
EGCG and Zn2+ on the growth of LNCaP cells.
Herein, we chose a settled concentration of EGCG
(80 µmol/L) and different concentrations of Zn2+,
with EGCG and Zn2+ added in different orders. The
treated cells were incubated for 24 h at 37 °C, and
their viability was determined by MTT assay.

MATERIALS AND METHODS
Chemicals
Purified EGCG (>98%) and egg phosphatidylcholine (egg PC, approximately 99%), and the spin
labels 5-doxyl stearic acid (5-SASL) and 16-doxyl
stearic acid (16-SASL) were purchased from Sigma
(St. Louis, MO, USA). Human prostate cancer cells
(LNCaP) were obtained from Shanghai Institute of
Cell Biology, Chinese Academy of Sciences. All
other chemicals were of extra-pure grade or analytical
grade unless otherwise specified.

Microscopic images of LNCaP cells adhering on
the plate
LNCaP cells were equally cultured in 6-well
plates (20 mm×20 mm) for 24 h and then exposed to
EGCG (80 µmol/L), Zn2+ (80 µmol/L), and EGCG+
Zn2+ (80 µmol/L+80 µmol/L) for another 24 h, and the
cells without treatment were considered as control.
After exposure, microscopic images of LNCaP cells
adhering on the plate were made through an inverted
microscope under magnification 20× (XDS-1B,
Chongqing, China).
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Analysis of cell membrane fluidity by electron spin
resonance labeled using 5- and 16-SASL
Stearic acid spin labels (5- and 16-SASL) were
used as a probe to quantify membrane fluidity of
prostate cancer cells. After stimulation, the suspension of LNCaP cells in PBS was labeled with 5- and
16-SASL at a final concentration of 100 µmol/L and
then incubated for 30 min at 37 °C with gentle shaking to incorporate the spin labels into the membranes.
The labeled cells were washed three times with PBS
to remove unbounded spin label and re-suspended in
PBS. Finally, 20 µl of suspension was transferred to a
glass capillary for electron spin resonance (ESR)
experiments. All ESR experiments were performed at
9.852 GHz using a Bruker ESR A300 spectrometer
(Bruker, Germany) and were operating at a center
field strength of 3509 G with scan range of 60 G,
modulation amplitude of 4.0 G, and microwave
power of 20 mW. Samples were run in three times and
the typical examples are shown in the figures.
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with a rotary evaporator. The thin film of egg PC on
the inner surface of the flask was dried with a vacuum
pump. Then 10 ml Tris-HCl buffer (pH 7.4) was
poured into the flask and the mixture was transferred
into a 50-ml plastic centrifuge tube. The sealed tube
was sonicated for 10 min. During this sonication step
the phase of liposome was changed into small
unilamellar vesicles. The liposome solution was diluted 10 times with Tris-HCl buffer. EGCG solution
and EGCG+Zn2+ solution were added to the liposome
solution and the mixture was vortexed in a centrifuge
tube. After 20 min of incubation at 20 °C, the mixture
was centrifuged at 18 000×g for 5 min. The EGCG
content in the supernatant was determined by HPLC
(LC-2010A, Shimadzu, Japan). Concentration of
EGCG was estimated from the calibration curves
prepared with the standard solution. The proportion
(%) of EGCG incorporated into the lipid bilayers of
each treatment was calculated as follows:
(1−nnon-incorporated/nadded)×100%,

Determination of composition of fatty acids by gas
chromatography-mass spectrometry (GC-MS)
After various treatments, LNCaP cells were harvested and suspended in pre-cool Tris-HCl buffer (pH
7.4), and broken by Ultrasonic Cell Disruption System (JY92-II, China). The samples were centrifuged
at 12 000 r/min for 15 min at 4 °C and washed with the
Tris-HCl buffer thrice. Total lipids from prostate
cancer cells were extracted by 5% (w/v) hydrochloric
acid/methanol. The extracted lipids were transesterified by sequential saponification and esterification
(Knapp, 1979), a reaction that was performed under a
nitrogen atmosphere to avoid oxidation of polyunsaturated fatty acids. Electron impact ionization was
performed with Agilent 5973 (USA) GC-MS system
equipped with a 25 m×0.2 mm i.d.×0.33 μm HP-1
column. The column head pressure was set to 60 kPa
and the injection volume was 1 μl with a splitting ratio
of 1:10. After injection, the column temperature was
programmed at 3 °C/min from 160 to 220 °C, then 5
°C/min from 220 to 240 °C.
Measurement of EGCG incorporated into liposomes
Egg PC (100 mg) was dissolved in a small
amount of chloroform. The solution was put in a
round-bottomed flask and the solvent evaporated off

where nnon-incorporated is amount of EGCG nonincorporated and nadded is amount of EGCG added.
Distribution of zinc in LNCaP cells
After treatment, the cells were harvested and
broken by Ultrasonic Cell Disruption System (JY92-II,
China). The broken cell pellets were used to prepare
other subcellular organelles as follows. The broken
cell pellets were precipitated in a refrigerated centrifuge at 3 000 r/min for 10 min. The supernatant was
decanted from the nuclear fraction and centrifuged at
9 000 r/min for 10 min to get the mitochondrial fraction. Subsequently, the solution was centrifuged at
20 000 r/min for 30 min to isolate the lysosomal fraction from the cytosol together with microsomes. The
nuclear fraction, mitochondrial fraction, and lysosomal fraction were washed twice with cold PBS
and suspended in cold PBS. The distribution of zinc in
PC-3 cells was analyzed by atomic absorption spectrometer (AAS800, Perkin-Elmer, USA). All the experiments were replicated three times.
Statistical analysis
Results are expressed as the mean±SD of at least
three independent replications of each experiment.
Statistical significance was determined by pair t-test
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RESULTS

Viability of LNCaP cells (%)

Viability of LNCaP cells (%)

Viability of LNCaP cells in the presence of EGCG
and Zn2+
As shown in Fig.1, treatments with low concentrations (<80 µmol/L) of EGCG and Zn2+ had no
significant effects on the growth of LNCaP cells.
However, treatments with high concentrations (>80
µmol/L) resulted in a loss of cell viability, with a
sharp decrease at the concentrations of 160~240
μmol/L. Furthermore, a time-dependent manner was
found under the treatments of high concentrations,
with cell viability decreasing most at 48 h, less 36 h,
and least at 24 h. The results indicate that the treatments with EGCG and Zn2+ at high concentrations
suppressed the growth of LNCaP cells in concentration- and time-dependent manners (Fig.1).
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Fig.1 Cytotoxicity of EGCG and Zn2+ on LNCaP cells by
MTT assay (n=7)
(a) Treatments with different concentrations of EGCG only;
(b) Treatments with different concentrations of Zn2+ only

Subsequently, we chose the settled 80 μmol/L
EGCG and several concentrations of Zn2+ into the

cells to investigate the interactions of EGCG with
Zn2+ on the growth of LNCaP cells. We found that the
viability of LNCaP cells was hardly changed when
Zn2+ concentrations were increased from 0 to 80
μmol/L (Fig.2). But after Zn2+ concentrations were
over 80 μmol/L, the viability of LNCaP cells was
significantly increased. Herein, we also investigated
the effects of EGCG with Zn2+ in different addition
orders. We found that the effect of Zn2+ added before
EGCG was better than those of Zn2+ added after
EGCG and added at the same time at high concentrations of Zn2+ (>80 µmol/L).
Viability of LNCaP cells (%)

analysis using Origin7.5 software for windows. Mean
values were considered significantly different at
P<0.05 or P<0.01.
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Fig.2 Cytotoxicity of the interactions of EGCG with
Zn2+ on LNCaP cells by MTT assay (n=7)
(a) After different concentrations of Zn2+ were added,
LNCaP cells were incubated for 2 h at 37 °C, and then mixed
with 80 μmol/L EGCG for 24 h; (b) After 80 μmol/L EGCG
was added, LNCaP cells were incubated for 2 h at 37 °C, then
mixed with different concentrations of Zn2+ for 24 h; (c)
After 80 μmol/L EGCG and different concentrations of Zn2+
were added at the same time, LNCaP cells were incubated for
24 h at 37 °C

Morphological variations of LNCaP cells
Morphological variations of LNCaP cells treated
with EGCG, Zn2+, and mixture of EGCG and Zn2+
were observed through an inverted microscope. As
shown in Fig.3, normal LNCaP cells adhered on the
plate uniformly with a compressed shape. When exposed to 80 μmol/L EGCG, 80 μmol/L Zn2+, and
mixture of EGCG and Zn2+ for 24 h, LNCaP cells
appeared obviously morphological variations, became round in shape, and clustered on the plate. Very
few cells remained compressed under the treatments
with EGCG and EGCG+Zn2+, and the suspended
dead cells were found in nutrient mixture medium
(data not shown). The morphological variations indicated the cytotoxic capacity of EGCG and Zn2+ on
LNCaP cells. EGCG and Zn2+ could change cell
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morphology, and thus influence the survival of
LNCaP cells.

2T//
2T⊥

(a)

(a)

(b)

(b)
(c)

(d)

Fig.3 Microscopic images of LNCaP cells after exposure for 24 h
(a) Normal LNCaP cells; (b) LNCaP cells treated with 80
μmol/L EGCG; (c) LNCaP cells treated with 80 μmol/L
Zn2+; (d) LNCaP cells treated with the mixture of 80
μmol/L EGCG and 80 μmol/L Zn2+

Effects of the interactions of EGCG with Zn2+ on
the membrane fluidity of LNCaP cells
The typical ESR spectra obtained from 5- and
16-SASL in the membranes of prostate cancer cells
are given in Fig.4. In the membrane, SASL undergoes
anisotropic rotational motion. Actually, 5-SASL is
positioned closer to the surface of the membrane and
16-SASL is near the center of membrane bilayer. The
ESR spectra of n-doxyl stearic acid spin labels in the
membranes are further characterized by calculating
the values of the order parameter S. As depicted in
Table 1, EGCG and Zn2+ perturbed the hydrocarbon
chains near the surface of the membranes, and the
increase in S value for 5-SASL indicated the reduction of membrane fluidity in LNCaP cells (P<0.05).
However, no significant differences were noted between the control and the cells treated with the mixture of EGCG and Zn2+. From the order parameter, in
the coexist system of EGCG and Zn2+, the S value was
lower than that in the EGCG treatment, and the interaction of EGCG with Zn2+ decreased the effect of
EGCG on the membrane fluidity.

Fig.4 Typical ESR spectra of 5-SASL (a) and 16-SASL
(b) in the membranes of LNCaP cells at 25 °C
The spectra were recorded at 9.852 GHz at 25 °C, microwave
power of 20 mW, modulation amplitude of 4.0 G, center field
strength of 3509 G, and scan range of 60 G. The order parameters (S) were calculated from the ESR spectra by using
the equation: S=0.5407(T//−T⊥)/a0, where a0=(T//+2T⊥)/3. The
rotation correlation time (t) was calculated from the ESR
spectra by using the equation: t=6.51×10−10ΔH0[(h0/h−1)−
(h0/h+1)]S, where ΔH0 was the center line width. T//, T⊥, h0, h−1,
and h+1 were measured from the ESR spectra as indicated in
the figure
Table 1 The values of order parameter (S) and correlation
rotation time (t) in LNCaP cells labeled with 5- and
16-SASL
Treatment
Control
EGCG
2+

S
5-SASL
0.467±0.0025
0.493±0.0017

t

16-SASL
*

7.85±0.11

*

10.42±0.18*

*

0.204±0.0008

0.500±0.0027

0.207±0.0012

8.64±0.14*

EGCG+Zn2+ 0.468±0.0064

0.202±0.0007

9.53±0.06*

Zn

*

0.195±0.0013

Significant difference from control: *P<0.05

Because the position of the spin label was shifted
toward the center region in the membranes, the similar trend of the order parameter was obtained for
16-SASL as described in 5-SASL. Based on these
results, it could be inferred that EGCG reduced the
membrane fluidity of LNCaP cells, which was much
depressed when treated with the mixture of EGCG
and Zn2+.
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The effective rotation correlation time t is another
empirical ESR parameter that is often used to characterize the dynamics of 16-SASL in the membranes.
The t value for 16-SASL reflects the micro viscosity
of the membrane bilayer near the center, and the
higher t value predicts the greater micro viscosity and
the lower membrane fluidity. All treatments exerted a
significantly increased effect on the t value compared
with the control in LNCaP cells (P<0.05), while the t
value was decreased by interactions of EGCG and
Zn2+. In essence, EGCG perturbed the hydrocarbon
chain relatively close to the membrane surface and the
membrane center in fluid phase membranes of prostate cancer cells, the disordering effects were enhanced by EGCG at 80 µmol/L, and the presence of
Zn2+ could attenuate the effects.
Effects of the interactions of EGCG with Zn2+ on
the unsaturation of fatty acids of LNCaP cells
Many factors could influence the cell membrane
fluidity. Unsaturation of fatty acids is one such factor.
Hence, we studied the fatty acid composition of the
membranes of prostate cancer cells, and found that
three major methyl esters of fatty acids, namely,
hexadecanoic acid, 9-octadecenoic acid (Z)-, and octadecanoic acid, are present in LNCaP cells (Table 2).
The ratio of unsaturated/saturated (U/S, unsaturation
of fatty acids) is known to affect cell membrane fluidity; the higher the U/S ratio, the higher the membrane fluidity. As shown in Table 2, the U/S value
was depressed by EGCG or Zn2+ treatment, which
indicates a decrease in the relative content of unsaturated fatty acids in prostate cancer cells. It was
likely that EGCG and Zn2+ decreased the membrane
fluidity of prostate cancer cells by reducing the
membrane content of unsaturated fatty acids possibly
through the decrease of unsaturated fatty acids synthesis. However, Zn2+ could attenuate this impact of
EGCG.

Treatment
Control
EGCG
Zn2+
EGCG+Zn2+

Effects of EGCG and the interactions of EGCG
with Zn2+ on the amount of EGCG incorporated
into liposomes
In order to investigate the effects of EGCG, Zn2+,
and EGCG+Zn2+ on the cell membrane, we studied
the incorporation of EGCG into liposomes. The liposomes are very similar to biological membranes.
Results show that EGCG was incorporated into lipid
bilayers of liposomes in a dose-dependent manner
(Fig.5a). The amount of EGCG incorporated into the
liposomes was increased in the presence of Zn2+
(Fig.5b), reflecting the balance of the affinity of these

Fig.5 Effects of EGCG and Zn2+ on the amount of
EGCG incorporated into the liposomes
(a) Different concentrations of EGCG were added into the
liposomal solution; (b) 200 μmol/L EGCG and different
concentrations of Zn2+ (0, 100, 200, 400 μmol/L) were
added into the liposomal solution. Then the liposomal
solution was incubated at 20 °C for 20 min, centrifuged and
determined by HPLC. The ratio (%) was calculated by
dividing the amount of EGCG incorporated by the amount
of EGCG added. Data were expressed as mean±SE of at
least three times. Significant difference from the minimum
concentration: *P<0.05, **P<0.01

Table 2 The composition and unsaturation of fatty acids in LNCaP cells in each treatment
Composition (%)
U/S
Hexadecanoic acid,
9-Octadecenoic acid (Z)-,
Octadecanoic acid,
methyl ester
methyl ester
methyl ester
40.875±0.7115
26.918±1.1095
22.622±1.502
0.347±0.0195
50.687±2.102
11.656±0.5585
32.501±3.0155
0.135±0.008*
38.202±2.067
9.738±0.9490
27.011±0.6455
0.149±0.011*
49.878±1.433
22.941±0.8790
22.812±1.133
0.315±0.0135

Determinations of fatty acids were programmed by GC-MS. The column head pressure was set to 60 kPa and the injection volume was 1 μl
with a splitting ratio of 1:10. After injection, the column temperature was programmed at 3 °C/min from 160 to 220 °C, and then 5 °C/min
from 220 to 240 °C. Significant difference from the control: *P<0.05
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compounds for lipid bilayers of liposomes. We tested
the effect of different ratios of EGCG to Zn2+ (2:1, 1:1,
1:2) on the amount of EGCG incorporated in the
liposomes. It was noted that in the presence of Zn2+,
the amount of EGCG incorporated into the lipid bilayers of the liposomes was significantly increased
compared with EGCG alone (Fig.5b). Treatment of
1:1 or 1:2 of EGCG to Zn2+ did not display any significant difference in the amount of EGCG incorporated into the lipid bilayers of the liposomes, but a
ratio of 1:1 of EGCG to Zn2+ gave the best results.

Relative content of zinc

Distribution of zinc in LNCaP cells
Under the condition of no extracellular zinc, we
examined the distribution of zinc in the subcellular
organelles of LNCaP cells in the presence of EGCG.
Irrefutable and overwhelming clinical and experimental evidence now exists that altered cellular and
mitochondrial zinc accumulation and associated
changes in citrated-related metabolism are essential to
the development and progression of prostate malignancy (Singh et al., 2006; Costello et al., 2005). As
shown in Fig.6, the treatment with 80 μmol/L EGCG
produced a significant increase in the relative contents of zinc in the mitochondria and cytosol (P<0.01),
whereas there was an apparent decrease in lysosome.
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0

Control
EGCG

**

*

**

Nucleolus Mitochondria Lysosome
Subcellular organelle

Cytosol

Fig.6 Content of Zn2+ in the subcellular organelles of
LNCaP cells
The subcellular organelles were isolated by a refrigerated
centrifuge and measured by electrothermal atomic absorption spectrometry. Cells were treated with 80 μmol/L
EGCG for 24 h and cells without treatment were considered
as control. Data were expressed as mean±SE of at least
three times. Significant difference from minimum concentration: *P<0.05, **P<0.01

From our results, it was evident that Zn2+ was
transported from the lysosome to cytosol and mitochondria in the presence of EGCG in LNCaP cells.
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Zinc/metabolic transformation in LNCaP cells had
important implications on cellular bioenergetics, cell
growth and proliferation, lipodenesis, and other
metabolic-associated malignant activities.

DISCUSSION
Prostate cancer represents the most common
malignancy for chemoprevention studies because of
its particularly long latency period and high rate of
mortality and morbidity. Many anti-tumor agents
against prostate cancer cells have been developed, but
their unacceptable systemic toxicity to normal tissues
frequently limits their usage in clinics. At the time of
clinical diagnosis in humans most prostate cancers
represent themselves as a mixture of androgensensitive (LNCaP) and androgen-insensitive cells.
Prostate cancer in the early stage is androgen dependent. Therefore, studying chemopreventive effect
of EGCG in the LNCaP cells and its pathways has
been useful in understanding the molecular mechanism involved in tumor initiation as well as the
properties of LNCaP cells. Natural chemicals show
great potential in the development of novel chemotherapeutics against cancer. EGCG, one such natural
chemical present in green tea, has gained much attention for its cancer-chemopreventive properties.
Importantly, at physiologically attainable concentrations EGCG kills cancer cells through apoptosis but
has no effect on normal cells (Ahmad et al., 1997;
2000; Chen et al., 1998). In the present work, MTT
assays demonstrated that treatments with EGCG and
Zn2+ at high concentrations significantly inhibited the
proliferation of LNCaP cells (Fig.1). After exposed to
EGCG, Zn2+, and EGCG+Zn2+, visible cellular morphological changes were noted in LNCaP cells (Fig.3).
It was documented that the growth of LNCaP had
been significantly halted, which could be due to the
effect of EGCG on the cell membrane of LNCaP cells.
This is supported by the results of the studies done
using ESR. In the present study, it was observed that
EGCG, Zn2+, and EGCG+Zn2+ decreased LNCaP cell
membrane fluidity (P<0.05). Since fluid properties of
biological membranes were essential for numerous
cell functions including cell growth, solute transport,
signal transduction, and membrane-associated enzymatic activities (Sunshine and McNamee, 1994;
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Salinas et al., 2005; Balint et al., 2005), it is possible
that even mild alterations in membrane fluidity could
cause aberrant function and set in motion pathological
processes (Cooper, 1977; de Gómez Dumm et al.,
2001). However, it should be noted that changes in
membrane fluidity need not necessarily render them
‘leaky’ since transport or translocation of compounds
across cell membranes is a different physiological
process, which is not directly related to the horizontal
fluidity of the membrane.
Changes in cell membrane fluidity depend to a
large extent on the content of unsaturation of fatty
acids in the phospholipid fraction of membranes
(Thewke et al., 2000; Turk et al., 2004). It was noted
that PC-3 cells treated with EGCG or Zn2+ contained
low levels of unsaturated fatty acids and showed a
decrease in membrane fluidity. This information reaffirmed that interactions with cell membrane for
treatment with EGCG or Zn2+ facilitated the decrease
of membrane fluidity to result in anti-proliferation of
LNCaP cells. Catechins or zinc ions are known to
induce oxidative damage through the generation of
reactive oxygen species (Oikawa et al., 2003; Bishop
et al., 2007; Kanadzu et al., 2006). Hence, it is likely
that the generation of reactive oxygen species induced
by catechins and zinc ions peroxidized membrane
unsaturated fatty acids, which could lead to a decrease
in membrane fluidity (Teresa et al., 2002).
Since EGCG elicited the decrease of cell membrane fluidity, we studied the influence of Zn2+ on
incorporation of EGCG into liposomes. The results
demonstrate that after an initial interaction of EGCG
with the cell membrane, EGCG could enter into
LNCaP cells. Interactions of EGCG with Zn2+ remarkably increased the incorporation of EGCG into
liposomes (Fig.5b). However, it was noted that, interactions between EGCG and Zn2+ decreased the
effects of EGCG as evident from the results obtained
with ESR and fatty acid analysis of the cell membranes. Because the ratio of EGCG to Zn2+ is 1:1, this
could partly be due to the high concentrations of Zn2+
and structural characters of EGCG. The D-ring hydroxyl groups of EGCG occupy the first coordination
sphere around metal ion to form a diolate combination
ring, while B-ring hydroxyl groups have weak interactions with metal ions (Navarro et al., 2005). As
suggested by previous reports (Hashimoto et al., 1999;
Kajiya et al., 2001), the number of hydroxyl groups

on the B-ring in EGCG structure, the presence of a
galloyl moiety, and the steric characters on the D-ring
could affect its affinity for the lipid bilayers. As a
result of this, incorporation of EGCG into the lipid
bilayers of the liposomes is enhanced, which could
lead to the formation of another ion channels after
complexing of EGCG with Zn2+, which is expected to
induce structural variation and influence the effects of
EGCG.
Trace elements have been important in the etiology of cancer. The prostate gland contains high
concentration of zinc. Zn2+ plays a significant role in
the pathogenesis of prostate cancer. Catechin is a very
important compound in green tea and several reports
have recently focused on its interaction with metal
ions and suggested that interactions of EGCG with
metal ions provided a new insight in the role of
EGCG in preventing prostate cancer. It is very important to investigate the interaction of EGCG with
Zn2+ for chemoprevention of prostate cancer. Hence,
we employed the higher concentrations of EGCG and
Zn2+ than their physiologically relevant concentrations in the present work.
The present study also demonstrates that the effect of EGCG on LNCaP cells was attenuated in the
presence of extracellular zinc at the concentration
ratio 1:1. It is known that the biological behavior of
EGCG could be influenced by metal ions, especially
transition metal ions (e.g., iron, zinc, and copper ions)
(Chen et al., 2006; Hayakawa et al., 2004). EGCG
chelates metal ions, which is an important factor that
affects the bioactivity of EGCG. EGCG has two rings,
B- and D-rings, which have exactly the same local
structure that could potentially participate in forming
complexes with metals. Recent studies showed that
EGCG-metal ion complex has a role in the initiation
and development of cancer (Furukawa et al., 2003;
Azam et al., 2004). It is likely that the D-ring hydroxyl groups could occupy the first coordination
sphere around metal ion, whereas the B-ring hydroxyl
group may have a secondary effect on such a complex
formation (Navarro et al., 2005). Thermo-gravimetric
and atomic absorption spectrophotometric studies
indicate that the 3-OH-4-oxo and 3-OH-4-OH moieties are the most likely binding sites of flavonoids for
metals. Accordingly, catechin could form 1:1 complex with either Zn2+or Cu2+, which can be monitored
through the linearization algorithms as competitive
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with pre-concentration of the metal ions on the mercury electrode (Esparza et al., 2005). Kagaya et
al.(2002) reported that it was the formation of
zinc-EGCG complex that enhanced effect of zinc on
hepatoprotectivity of EGCG in isolated rat hepatocytes. These observations give a hint that the biological behavior of EGCG was changed in the presence of extracellular zinc, due maybe to the formation
of zinc-EGCG complex.
In prostate cancer, the malignant cells lose the
ability of zinc accumulation. A growing body of
evidence has suggested that the loss of this unique
capacity to retain high levels of zinc is an important
factor in the development and progression of malignant prostate cells (Tsui et al., 2006). EGCG entering
into cells was able to affect the distribution of cellular
zinc (Fig.6). The result indicates that EGCG could
increase zinc accumulation of the mitochondria and
cytosol in LNCaP cells. The regulation and maintenance of a “normal” concentration and distribution of
cellular zinc are essential to the function, metabolism,
growth, proliferation, and survival of cells. In general,
all the cytosolic Zn2+ existed bound to either immobile macromolecules (~90%) or to mobile low molecular weight ligands (~10%). The former would not
provide Zn2+ for delivery into the mitochondria.
Therefore, the cytosolic pool of low molecular Zn2+
ligands (Zn-ligands) was the source of zinc for incorporation into and interaction with the mitochondria (Costello et al., 2005). The cellular accumulation
of zinc was an inhibitory effect on proliferation of
these prostate cells, which results from its induction
of apoptosis (Liang et al., 1999; Feng et al., 2000;
2002). Zinc caused an increase in the cellular level of
Bax, and enhanced the Bax/BCL-2 ratio, which was
an initiating apoptotic signal in cells (Franklin and
Costello, 2007; Feng et al., 2003). This effect resulted
from a direct action of zinc on the mitochondrial
release of cytochrome c followed by caspase activation and cascading apoptotic events (Feng et al., 2000;
2002). In contrast, most reports with other mammalian cells describe a role of zinc in the inhibition of
apoptosis (Truong-Tran et al., 2000; Nodera et al.,
2001). The most likely reason for this is that the levels
of zinc to which the cells were exposed were lower
and exposed time of cells was shorter than that of the
present work. This, in part, could account for the
difference in the zinc effects on apoptosis.
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CONCLUSION
In the present study, we demonstrated that
EGCG interacted with cell membrane, decreased the
membrane fluidity of LNCaP cells, and accelerated
zinc accumulation in the mitochondria and cytosol,
which was attenuated by high concentrations of Zn2+.
These results may suggest a mechanism by which
EGCG inhibits proliferation of LNCaP cells.
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