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Epigallocatechin 3-gallate (EGCG) has cytotoxic
effects in many cancer cells. It has been reported that
A549 lung cancer cells are markedly resistant to cell
death induced by EGCG. In the present study, the
effects of EGCG on A549 lung cancer cell growth and
angiogenesis were studied. We found that EGCG dose-
dependently suppressed A549 cell growth, while A549
cells were markedly resistant to cell death in vitro. Next
we found that EGCG increased endostatin expression
and suppressed vascular endothelial growth factor
(VEGF) expression. We further studied to determine
whether EGCG would suppress A549 tumor growth in
nude mouse and angiogenesis. EGCG in drinking water
significantly suppressed A549 tumor growth in nude
mice. Histological analysis revealed that the number of
CD34 positive vessels had a tendency to decrease in the
tumor. In sum, EGCG had anti-proliferative effects
of A549 on tumor growth and showed a tendency to
suppress angiogenesis.
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Angiogenesis is necessary for tumors to grow. To
suppress angiogenesis is one of the clinical cures to
prevent or delay tumor growth.1,2) Much information is
available concerning its mechanism, and several pro-
teins related to angiogenesis, such as VEGF and
endostatin are well known.3–5) VEGF binds to endothe-
lial cell surface receptors and activates various functions
of the cell, which causes angiogenesis.6) Thus anti-
cancer treatment targeting tumor-induced angiogenesis
is expected. It is of great interest to apply the concept of
antiangiogenic treatment to the prevention of cancer.
Tea catechin (epigallocatechin 3-gallate, EGCG) is one
of the key components, because EGCG has suppressive
effects on human cancer growth in epidemiological
studies.7,8)

EGCG, one of the major polyphenols in green tea, has
been reported to cause inhibition of tumor initiation,
tumor promotion, and tumor cell growth.9–11) Drinking
tea can inhibit VEGF-induced angiogenesis in vivo, and
EGCG can reduce the binding of VEGF to its receptors
and thus affect downstream signaling.12–14) But, the role

of endostatin has not been documented. We have
reported that in ornithine decarboxylase (ODC)-over-
expressing cancer cells, endostatin expression was
suppressed and endothelial proliferation and neovascu-
larization promoted.15) Angiogenesis in tumors is regu-
lated not only by angiogenesis stimulators such as
VEGF, but also by angiogenesis inhibitors such as
endostatin, and might be the result of a net balance
between angiogenesis stimulators and angiogenesis
inhibitors.16)

It has been reported that A549 lung cancer cells show
resistance to EGCG-induced apoptosis.17) Therefore, we
hypothesized that anti-proliferative effect of EGCG may
not be sufficient to inhibit tumor growth in vivo, and
anti-angiogenesis effect of EGCG may play a pivotal
role in EGCG-induced A549 cell growth inhibition. In
addition, a limited number of papers have reported
effects of EGCG on lung cancer tumor growth in
vivo.18–20) Only one paper has reported an effect of
EGCG on A549 tumor growth in vivo.20)

Materials and Methods

Cell culture. Human non-small-cell lung carcinoma cell line A549

and cervical carcinoma cell line HeLa were maintained in Dulbecco’s

Modified Eagle’s Medium (DMEM, Sigma Aldrich, Irvine, UK), and

retinoblastoma cell line Y79 and human leukemic cell line U937 were

maintained in RPMI 1640 supplemented with 10% fetal bovine serum

(FBS, Gibco, Rockville, MD, and antibiotic-antimycotic solution

(Wako Pure Chemicals, Osaka, Japan) at 37 �C, 5% CO2. All cell lines

were purchased from JCRB Cell Bank (Osaka, Japan). EGCG (purity

>95%) was from Sigma-Aldrich Chemical (Tokyo).

Effects of EGCG on cell growth and viability. Cells (1� 105 cells

per well for 35mm plate) were seeded into plates, cultured overnight,

and treated with EGCG (0 mM, 50mM and 100 mM) for 24, 48 and 72 h.

Then, the viability of cells was determined by counting the numbers of

living and dead cells by trypan blue exclusion method.

RT-PCR. The cells (3� 106) in 100mm plastic dishes were

cultured with DMEM containing 10% FBS in the presence or absence

of 50 mM EGCG for 0, 3, and 6 h. Total RNA was extracted with Quick

Prep� Total RNA Extraction Kit (GE Healthcare, Tokyo) following

the manufacturer’s instructions. Reverse transcription with oligo (dT)

primers was used to generate cDNA from total RNA (1 mg). The

synthesized cDNAs for endostatin, VEGF, and GAPDH were amplified

with specific primers. The endostatin forward primer was 50 ACG CAT

CTT CTC CTT TGA CG 30, and the reverse primer was 50 TGA TTT
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TGG AGG GAT CTC 30. The VEGF forward primer was 50 ACC AAA

CAA GGA GCT GGA TG 30, and the reverse primer was 50 TCG TAC

ATG GCC GTC TGT AA 30. The GAPDH primer was 50 TCC ACC

ACC CTG TTG CTG TA 30, and the reverse primer was 50 ACC ACA

GTC CAT GCC ATC AC 30. Each PCR mixture contained an

appropriate set of forward and reverse primers (0.2 pmol/L), each

of the dNTPs at 0.25mmol/L, 1.25U of Taq polymerase, and 2.5

mmol/L MgCl2 in a PCR buffer. The PCR procedure consisted of 29

cycles of denaturation at 94 �C for 30 s, annealing at 58 �C for 30 s and

extension at 72 �C for 1min, with initial denaturation of sample cDNA

at 94 �C for 1min and an additional extension period of 10min after

the last cycle. The PCR products were subjected to 1.5% agarose gel

electrophoresis, staining with ethidium bromide, and quantitation by

densitometry by Scion Image (Boston, MA).

Assay for endostatin and VEGF concentrations by ELISA. A549

cells were cultured in the presence and the absence of EGCG at the

indicated concentrations for 0, 3, and 6 h. The supernatants of the cell

cultures were harvested and stored at �20 �C until use. The levels of

endostatin and VEGF in the culture media were analyzed by enzyme

immunoassay technique (ELISA) (Cytoimmune, College Park, MD;

genzyme Techne, Minneapolis, MN), following the manufacturers’

instructions. The detection sensitivity of the assay was 1.953 ng/mL

for endostatin and 3.0 pg/mL for VEGF.

In vivo experiment. The animal study was approved by the

animal committee of the University of Tokyo, and all procedures

involving animal care were in accord with institutional guidelines in

compliance with national laws. BALB/c nude (nu/nu) male mice were

purchased from SLC (Hamamatu, Japan), and were maintained

according to institutional guidelines. A549 cells (1� 107 cells in

0.1mL of PBS) were inoculated subcutaneously into the right sided

backs of mice (three mice for each treatment group). Tumor growth

was monitored with calipers every 2–3 d. Tumor size was calculated by

the formula l�w2=2 [length (l) and width (w)]. Three d after

inoculation, drinking water bottles were replaced with EGCG or

dimethyl-sulfoxide (DMSO) 0.05% solutions. EGCG powder (Sigma)

was dissolved in DMSO. The solutions to be administered were

replaced every other day. On the final day of treatment, the mice were

sacrificed. Tumors were removed, fixed in formalin, and paraffin

embedded.

Immunohistochemical study. Tissues were fixed immediately in

10% buffered formalin, embedded in paraffin, and cut into 3mm thick

sections. The sections were deparaffinized and hydrated by passage

through xylene and a graded ethanol series (100% to 70%). Antigen

retrieval was done on the sections by incubation in 100mM sodium

citrate (pH 6.0) at 100 �C for 40min. The sections were then treated

with 3% H2O2 for 5min to eliminate endogenous peroxidase activity,

and stained by the immunoperoxidase technique. Anti-CD34 poly-

clonal goat antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at a

dilution of 1:90 in phophosphate-buffered saline solution (PBS) was

applied as primary antibody for 1 h at room temperature. Phophos-

phate-buffered saline solution with goat serum (Dako, Tokyo) was

applied for the negative control. The sections were then incubated with

the Histofine simple stain MAX-PO(G) (Nichirei Co., Tokyo) for

60min at room temperature. The stain was visualized with 3,30-

diaminobenzidine (DAB) as chromogen.

Evaluation of CD34 staining. CD34-positive cells were evaluated

by the method described by El-Assal et al.21) Briefly, CD34-stained

tumors were studied by two independent observers, with no knowledge

of the data, using a double-headed light microscope. Cells were

counted at high power (200 � magnification) in 10 areas. The mean

value for the 10 areas counted by the two observers was considered the

CD34-positive cell count of an individual tumor tissue.

Statistical analysis. Results were expressed as mean� SD for at

least three separate experiments. Results were analyzed by one-way

analysis of variance (ANOVA). Differences with p values of 0.05 were

considered significant.

Results

Effects of EGCG on A549 cell growth and viability
The effects of EGCG (50 and 100 mM) on A549 cell

viability were studied. Preliminary experiment revealed
that 5, 10, and 25 mM EGCG showed no anti-prolifer-
ative effects on A549 cell growth (data not shown).
Hence, we chose 50 and 100 mM EGCG in the present
study. After 24 h, 48 h, and 72 h the viability of the A549
cells was analyzed by the trypan blue exclusion method.
The viability of the cells treated with 50 mM and 100 mM
EGCG was not significantly decreased, as compared
with control (Fig. 1, upper panel). Cell numbers were
counted, and the results are shown in the lower panel of
Fig. 1. EGCG (50 and 100 mM) suppressed cell numbers
significantly, as compared to control (�p < 0:05). The
results confirmed a previous report that A549 lung
cancer cells showed resistance to cell death induced by
EGCG.17)

Effects of EGCG on mRNA expression of endostatin
and VEGF
The effects of 50 mM EGCG on the expression of

endostatin and VEGF mRNA was studied by semi-
quantitative RT-PCR. As shown in Fig. 2A, the ex-
pression of endostatin mRNA increased in a time-
dependent manner (p < 0:05 at 6 h), while that of VEGF
mRNA was not significantly decreased after 6 h. But
after 12 h and 24 h, its expression level significantly
decreased (Fig. 2B, p < 0:05).

Endostatin and VEGF levels in culture media as
analyzed by ELISA
Effects of EGCG on endostatin and VEGF levels in

A549, HeLa, U937, and Y79 cell culture media were
analyzed using ELISA. EGCG (50 mM) significantly
increased endostatin level in A549 cell culture media
after 12 h and 24 h of treatment (Fig. 3A, �p < 0:05),
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Fig. 1. Effects of EGCG on the Viability of A549 Cells.
A549 cells were treated with 50 mM or 100 mM EGCG for 24 h,

48 h, and 72 h, and then, the numbers of living and dead cells was
counted by trypan blue exclusion method. Figure 1 upper panel
shows cell viability, and lower panel shows cell numbers. Data are
expressed as means� SD, n ¼ 3. �p < 0:05.
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whereas, the endostatin levels in the HeLa cells were not
significantly changed (Fig. 3B). The endostatin levels in
U937 and Y79 cell culture media were hardly detectable
(Fig. 3B). As shown in Fig. 3C, the VEGF levels in the
A549 cell culture media were decreased significantly in
a time-dependent manner (�p < 0:05). These results
indicate that endostatin upregulation by EGCG is
specific to A549 cells.

Effects of EGCG on A549 tumors in vivo
Since EGCG inhibited VEGF and increased endo-

statin expression in A549 cells in vitro, we examined to
determine whether EGCG would inhibit tumor growth in
vivo. A549 cells form tumors when injected subcuta-
neously into nude mice. Treatment with drinking water
with EGCG (0.025% and 0.05%) started 3 d before
A549 cell inoculation. EGCG (0.05%) significantly
(p < 0:05) reduced tumor growth after 13–21 d, as
compared to controls receiving water alone (Fig. 4).

Effects of EGCG on angiogenesis in vivo
The xenograft tumors were further analyzed for

angiogenesis. We counted CD34-positive endothelial
cells in the control tumors (Fig. 5A) and in the EGCG-
treated tumors (Fig. 5B) under a microscope. As shown
in Fig. 5C, EGCG (0.025% and 0.05%) decreased
vascular endothelial cell numbers in a dose-dependent
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Fig. 2. Effect of EGCG on the mRNA Expression of Endostatin and
VEGF.
The effect of 50mM EGCG on the expression of endostatin and

VEGF mRNA in A549 cells were studied by semi-quantitative RT-
PCR as described in Materials and Method. The expression of
endostatin mRNA at 3 h and 6 h had increased in a time-dependent
manner (�p < 0:05 at 6 h) (Fig. 2A). VEGF mRNA was not
significantly decreased after 6 h. But after 12 h and 24 h, its
expression level significantly decreased (Fig. 2B, �p < 0:05). The
endostatin and VEGF expression levels were corrected by the
GAPDH expression levels. The data are expressed as mean� SD

(n ¼ 3).
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Fig. 3. Endostatin and VEGF Levels in Culture Media Analyzed by
ELISA.

Effects of EGCG on endostatin and VEGF levels in A549, HeLa,
U937, and Y79 cell culture media were analyzed by ELISA. EGCG
significantly increased the endostatin level in A549 cell culture
media after 12 h and 24 h treatment (Fig. 3A, �p < 0:05), whereas,
endostatin levels in HeLa cells were not significantly changed
(Fig. 3B). Endostatin levels in U937 and Y79 cell culture media
were hardly detectable (Fig. 3B). As shown in Fig. 3C, the VEGF
levels in A549 cell culture media were significantly decreased in a
time-dependent manner (at 12 h and 24 h; �p < 0:05). The data are
expressed as mean� SD (n ¼ 3).
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Fig. 4. Effects of EGCG on A549 Tumor in Vivo.
The effects of EGCG on A549 tumor growth in nude mice were

analyzed. A549 cells form tumors when injected subcutaneously
into nude mice. Treatment of drinking water with EGCG (0.025%
and 0.05%) started 3 d before A549 cell inoculation. EGCG (0.05%)
significantly (�p < 0:05) reduced the tumor growth after 13 d, as
compared with controls receiving water alone. Tumor size was
calculated by the formula l�w2=2 [length (l), and width (w)]. Data
are expressed as mean� SD (n ¼ 3).
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manner. But it did not reach a significant level. These
results indicate that EGCG can decrease angiogenesis.

Discussion

Different mechanisms of action of EGCG in diverse
physiological and pathological situations have been
proposed.22) Inhibition of tumor cell proliferation is
generally considered to be mediated through modulation
of the activities of cell-cycle regulatory proteins or
apoptosis-related proteins. It has been reported that
EGCG repressed A549 growth through cyclin-dependant
kinase Cdk2 and Cdk4 and through induction of cyclin-
dependant kinase inhibitors p21 and p27.23) EGCG also
induces apoptosis.24) Growth inhibition in a variety of
tumor cell lines were achieved at doses from 20 to
100 mM.13,24–26) Several studies have indicated that
EGCG at higher concentrations also perturbs down-
stream signaling, repressing the mitogen-activated pro-
tein kinase pathway, activator protein-1, and nuclear
factor-B,27,28) although other studies have indicated that
EGCG increases mitogen-activated protein kinase and
activator protein-1 activity.25,29)

Green tea polyphenols are increasingly recognized for
their antiangiogenic properties. Relatively high levels of
EGCG (80–90 mM) have been found to reduce vascular
endothelial growth factor (VEGF) production in breast
carcinoma cell lines.30) It has been reported that EGCG
inhibited angiogenesis in vivo,31) but the effect of EGCG
on endostatin expression was not studied. Our results
indicate that EGCG not only inhibited VEGF expression
but also increased endostatin expression. To our knowl-

edge, this is first to report that EGCG increased
endostatin. In this study we studied the effects of EGCG
on endostatin secretion in other three cell lines (Hela,
U937, and Y79 cells). Endostatin in U937 and Y79 cell
culture media were hardly detectable, and EGCG failed
to increase endostatin secretion. Hela cells secrete about
2 ng/mL of endostatin in culture media, but EGCG
failed to increase endostatin secretion. Taken together,
the upregulation of endostatin induced by EGCG is
considered to be specific only to A549 cells. The
mechanism of this effect of EGCG remains to be
clarified.
In the present study, we found that oral administration

of EGCG significantly inhibited tumor growth. This
correlated with a tendency towards reduction in the
vascularization of the tumors in the animals treated with
EGCG as compared with the controls. Our results
suggest that the antiangiogenic potential of EGCG might
be partially responsible for growth suppression of tumor.
The mechanism of endostatin induction by EGCG is
mediated at both the mRNA and the protein level, but
the exact mechanism remains to be clarified.
In the present study, we found that EGCG signifi-

cantly inhibited tumor growth in vivo, but did not induce
tumor regression. These results are consistent with
previous studies.18–20) in which EGCG showed anti-
proliferative effects on lung cancer tumor in vivo, but
failed to induce tumor regression.
We found that 0.05% EGCG inhibited tumor growth

in vivo. This dose was not associated with any side
effects either in the present study or in other ones.32)

Human volunteers have been given 10-fold higher doses
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Fig. 5. Effects of EGCG on Angiogenesis in Vivo.
Xenograft tumors were analyzed for angiogenesis. CD34-positive endothelial cells were counted in control tumors and in EGCG-treated

tumors under a microscope. EGCG (0.025% and 0.05%) decreased vascular endothelial cell number in a dose-dependent manner, but it did not
reach a significant level. Panels A and B show CD34-positive vessels stained with anti-CD34 antibody in control group and EGCG 0.05%-treated
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EGCG-treated groups (0.025% and 0.05%). Data are expressed as mean� SD (n ¼ 3).
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of EGCG with little or no adverse effects,33) Suggesting
that EGCG could be useful for therapeutic clinical
application. Our results suggest that EGCG may be
applicable in lung cancer therapy.

In conclusion, EGCG has anti-proliferative effects on
A549 tumor growth and has a tendency to suppress
angiogenesis.

Acknowledgments

This study was supported by a grant from the Ministry
of Education, Culture, Sports, Science and Technology
of Japan, and by a grant from Nichias Cooperation.

References

1) Folkman J, N. Engl. J. Med., 285, 1182–1186 (1971).

2) Folkman J, N. Engl. J. Med., 333, 1757–1763 (1995).

3) Albini A, Tosetti F, Li VW, Noonan DM, and Li WW, Nat. Rev.

Clin. Oncol., doi: 10.1038/nrclinonc.2012.120. [Epub ahead of

print] (2012).

4) Das M and Wakelee H, Expert Opin. Ther. Targets, 16, 395–

406 (2012).

5) Nicosia RF, Am. J. Pathol., 153, 11–16 (1998).

6) Shibuya M, Adv. Cancer Res., 67, 281–316 (1995).

7) Hoshiyama Y, Kawaguchi T, Miura Y, Mizoue T, Tokui N,

Yatsuya H, Sakata K, Kondo T, Kikuchi S, Toyoshima H,

Hayakawa N, Tamakoshi A, Yoshimura T, for the JACC Study

Group, J. Epidemiol., 15, S109–112 (2005).

8) Nakachi K, Matsuyama S, Miyake S, Suganuma M, and Imai K,

Biofactors, 13, 49–54 (2000).

9) Kuroda Y and Hara Y, Mutat. Res., 436, 69–97 (1999).

10) Suganuma M, Okabe S, Sueoka N, Sueoka E, Matsuyama S,

Imai K, Nakachi K, and Fujiki H, Mutat. Res., 428, 339–344

(1999).

11) Yang CS, Chung JY, Yang G, Chhabra SK, and Lee MJ,

J. Nutr., 130, 472S–478S (2000).

12) Cao Y and Cao R, Nature, 398, 381–382 (1999).

13) Jung YD, Kim MS, Shin BA, Chay KO, Ahn BW, Liu W,

Bucana CD, Gallick GE, and Ellis LM, Br. J. Cancer, 84, 844–

850 (2001).

14) Lamy S, Gingras D, and Be’liveau R, Cancer Res., 62, 381–385

(2002).

15) Nemoto T, Hori H, Yoshimoto M, Seyama Y, and Kubota S,

Blood, 99, 1478–1481 (2002).

16) Sakurai T and Kudo M, Oncology, 81, 24–29 (2011).

17) Kweon MH, Adhami VM, Lee JS, and Mukhtar H, J. Biol.

Chem., 281, 33761–33772 (2006).

18) Milligan SA, Burke P, Coleman DT, Bigelow RL, Steffan JJ,

Carroll JL, Williams BJ, and Cardelli JA, Clin. Cancer Res., 15,

4885–4894 (2009).

19) Li GX, Chen YK, Hou Z, Xiao H, Jin H, Lu G, Lee MJ, Liu B,

Guan F, Yang Z, Yu A, and Yang CS, Caricinogenesis, 31,

902–910 (2010).

20) Li JJ, Gu QH, Li M, Yang HP, Cao LM, and Hu CP, Oncol.

Lett., 5, 101–106 (2013).

21) El-Assal ON, Yamanoi A, Soda Y, Yamaguchi M, Igarashi M,

Yamamoto A, Nabika T, and Nagasue N, Hepatology, 27,

1554–1562 (1998).

22) Makimura M, Hirasawa M, Kobayashi K, Indo J, Sakanaka S,

Taguchi T, and Otake S, J. Periodontol., 64, 630–636 (1993).

23) Liang YC, Lin-Shiau SY, Chen CF, and Lin JK, J. Cell.

Biochem., 75, 1–12 (1999).

24) Masuda M, Suzui M, and Weinstein IB, Clin. Cancer Res., 7,

4220–4229 (2001).

25) Chen C, Shen G, Hebbar V, Hu R, Owuor ED, and Kong AN,

Carcinogenesis, 24, 1369–1378 (2003).

26) Hastak K, Gupta S, Ahmad H, Agarwal MK, Agarwal ML, and

Muktar H, Oncogene, 22, 4851–4859 (2003).

27) Sah JF, Balasubramanian S, Eckert RL, and Rorke EA, J. Biol.

Chem., 79, 12755–12762 (2003).

28) Dong Z, Ma W, Huang C, and Yang CS, Cancer Res., 57, 4414–

4419 (1997).

29) Balasubramanian S, Efimova T, and Eckert RL, J. Biol. Chem.,

27, 1828–1836 (2002).

30) Fassina G, Vene R, Morini M, Minghelli S, Benelli R, Noonan

DM, and Albini A, Clin. Cancer Res., 10, 4865–4873 (2004).

31) Sartippour MR, Shao ZM, and Heber Dl, J. Nutr., 132, 2307–

2311 (2002).

32) Muto S, Yokoi T, Gondo Y, Katsuki M, Shioyama YKF, and

Kamataki T, Carcinogenesis, 20, 421–424 (1999).

33) Lee MJ, Maliakal P, and Chen L, Cancer Epidemiol. Bio-

markers Prev., 11, 1025–1032 (2002).

Effects of EGCG on Lung Cancer Growth 1803

D
ow

nloaded from
 https://academ

ic.oup.com
/bbb/article/77/9/1799/5955278 by guest on 05 M

ay 2023


