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Epigallocatechin gallate induces chemopreventive effects on rats
with diethylnitrosamine-induced liver cancer via
inhibition of cell division cycle 25A
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Abstract. Epigallocatechin gallate (EGCG), the most active
monomer in green tea (GT), has demonstrated potential thera-
peutic and preventive effects on various tumors, including
liver cancer. However, the anticancer mechanisms of EGCG
in liver cancer remain to be elucidated. The abnormal expres-
sion of cell division cycle 25A (CDC25A) has been identified
in liver cancer and is closely associated with malignancy and
poor prognosis in patients with hepatocellular carcinoma
(HCC). The present study used human hepatoma cell lines and
rats with diethylnitrosamine (DEN)-induced HCC as models
to investigate the association between the effect of EGCG
on liver cancer and regulation of the p21waf1/Cipl/CDC25A
axis. The results demonstrated that EGCG can inhibit the
proliferation of HepG2 and Huh7 cells, reduce the expression
of CDC25A and increase the expression of p21waf1/Cipl in
HepG2. In vivo, HCC was induced by DEN in Sprague-Dawley
rats. EGCG significantly reduced tumor volume and improved
the survival rates of rats with HCC. The expression levels of
CDC25A mRNA and protein in liver tissues and the level of
serum vy glutamyl transpeptidase in rats treated with EGCG
were significantly decreased, while p2lwafl/Cipl mRNA
and protein expression levels were increased compared with
the HCC group, in the process of DEN-induced HCC. No
significant difference in the chemopreventive effects on liver
cancer was observed between GT extract and EGCG under
an EGCG equivalence condition. Thus, EGCG can suppress
human hepatoma cell proliferation and prolong the survival
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of rats with HCC, and the potential mechanism may be
involved in EGCG-induced upregulation of p21waf1/Cipl and
downregulation of CDC25A.

Introduction

Liver cancer is a malignancy with a poor prognosis world-
wide that seriously threatens human health (1). China has a
high prevalence of liver cancer with an incidence of 466.1
per 100,000 population in 2015 (2). Liver cancer is asymp-
tomatic in its early stages and is usually diagnosed at an
advanced stage of the disease, which means successful surgery
impossible. Currently, the application of chemotherapy and
molecule-targeted drugs are the main approaches for the
treatment of advanced liver cancer (3). However, the side
effects of chemotherapy and resistance of target drugs limit
the therapeutic effects for patients. Therefore, researchers
have attempted to identify natural drugs with high efficiency
and low toxicity for the treatment and prevention of liver
cancer (4,5).

Green tea (GT) is one of the most popular beverages world-
wide, particularly in China (6). It has been reported that GT
has beneficial effects on a number of human diseases including
diabetes, cardiovascular diseases, inflammatory diseases
and cancer (7-10). The main bioactive compounds in GT are
catechins, which comprise a mixture of catechin, epicatechin,
epigallocatechin, epicatechin gallate and epigallocatechin
gallate (EGCG) (11). Of the five components, EGCG is the
most abundant and bioactive catechin.

In the 1980s, our previous study investigated the chemical
prevention of liver cancer in China and identified that GT can
significantly inhibit hepatocarcinogenesis in rats induced by
aflatoxin B1 (AFBI) and diethylnitrosamine (DEN) (12,13).
Subsequently, GT was provided to high-risk groups in the
high-risk areas of liver cancer in the Chinese region of Guangxi
and the results demonstrated that GT can reduce the incidence
of liver cancer (14). EGCG exhibits versatile antitumor func-
tions, including inhibition of proliferation, adhesion, migration,
invasion and metastasis of tumor cells, as well as reduction
of angiogenesis, induction of apoptosis and enhancement
of anti-tumor immunity and cell cycle arrest (15-19). It has
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been reported that EGCG induces S phase arrest and inhibits
cell proliferation in hepatocellular carcinoma (HCC) (20).
Moreover, EGCG may act via the regulation of cell cycle regu-
latory proteins, including cyclin D1 and the cyclin B1/CDK1
complex, as shown in cell-based studies (21,22). It has also
been revealed that cell division cycle 25A (CDC25A) can acti-
vate cell CDKs, including cyclin B1/CDKI1, to regulate the cell
cycle (23). However, to the best of our knowledge, no previous
studies have investigated the antitumor and preventive effects
of EGCG on HCC via the inhibition of CDC25A. Therefore,
the present study evaluated CDC25A as the target of EGCG
in liver cancer. EGCG was compared with GT extract (GTE)
under an EGCG equivalence condition. The present findings
provided a novel mechanistic basis for EGCG application in
HCC prevention and treatment.

Materials and methods

Cell culture. The human hepatoma cell lines HepG2 and Huh7
were obtained from Shanghai GeneChem Co., Ltd. The cell
lines used have been authenticated using short tandem repeat
profiling. The cells were maintained in DMEM (Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 10% FBS (Gibco;
Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin
(Beyotime Institute of Biotechnology) in a fully humidified
incubator at 37°C with 5% CO,.

Cell viability. HepG2 and Huh7 cells were seeded into a
96-well plate at a density of 1x10* cells per well in 100 ul
culture medium. The cells were incubated for 24 h at 37°C,
treated with various concentrations (25, 50, 75, 100, 125 and
150 pg/ml) of EGCG (purity >95%; Sigma-Aldrich; Merck
KGaA) and cultured for 24, 48 or 72 h at 37°C with 5% CO,.
Subsequently, 10 ul/well Cell Counting Kit (CCK)-8 solution
(Dojindo Molecular Technologies, Inc.) was added to each
well, according to the manufacturer's instructions. The plate
was incubated at 37°C in a 5% CO, atmosphere for 1 h and the
absorbance per well was recorded at 450 nm on a microplate
reader. The resulting data were analyzed from three indepen-
dent experiments and then normalized to the absorbance of
the wells containing culture medium alone. The cell viability
was calculated using the following formula: Cell viability
(%)=[optical density (OD)qumpie~ODy1ani)/(OD coniro1~ODpant)
x100. Inhibitory rate (%)=1-Cell viability (%). The half maximal
inhibitory concentration (ICs;) values were determined using
GraphPad Prism 8.0 software (GraphPad Software, Inc.).

Cell cycle assay. HepG2 cells were treated with 127.09 ug/ml
EGCG for48hat37°C. Single-cell suspensions from the EGCG
and control groups (1x10° cells/ml in ice-cold PBS; Beijing
Solarbio Science & Technology Co., Ltd.) were prepared,
washed with ice-cold PBS and fixed with 70% ethanol at
4°C overnight. Subsequently, the cells were stained with
propidium iodide (70 uM; Sigma-Aldrich; Merck KGaA)
solution containing RNase A (10 ug/ml; Fermentas; Thermo
Fisher Scientific, Inc.) for 30 min at room temperature. The
cell cycle distribution was analyzed using a FACS Calibur flow
cytometer (BD Biosciences) and the percentage of each popu-
lation was measured using ModFIT software (version 2.0;
BD Biosciences).
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Lentiviral particle generation and infection. Lentivirus with
CDC25A overexpression and control lentivirus were provided
by FitGene Biotechnology Co., Ltd. The CDC25A coding
sequence was amplified using PrimeSTAR Max polymerase
premix (Takara Biotechnology, Co., Ltd.) and verified by
sequencing. The primer sequences used for the amplifica-
tion of CDC25A were: Forward, 5'-CTACCGGACTCAGAT
CTCGAGGCCACCATGGAACTGGGCCCGGAG-3' and
reverse, 5'-GTAGTCAGATCCCATGGATCCGAGCTTCTT
CAGACGACTG-3". The following thermocycling conditions
were used: Initial denaturation at 96°C for 4 min; followed by
30 cycles at 96°C for 20 sec, 60°C for 30 sec and 72°C for
1 min; followed by 72°C for 3 min. The CDC25A coding
sequence was inserted into the pLVX-Puro vector (FitGene
Biotechnology Co., Ltd.), and named Lenti-CDC25A. The
empty lentiviral vector (Lenti-vector) was generated as a nega-
tive control. HepG2 cells seeded in 6-well plates at a density
of 1x10° cells per well were cultured in serum-free DMEM.
The cells, which were 50-70% confluent, were mixed with
the medium containing lentiviruses and polybrene (10 pg/ml;
Beijing Solarbio Science & Technology Co., Ltd.) at a multi-
plicity of infection of 10. After incubation for 24 h at 37°C,
the supernatants were replaced by the medium containing
10% FBS and cultured for a further 48 h at 37°C for subse-
quent experimentation. The CDC25A expression efficiency
was measured using reverse transcription-quantitative (RT-q)
PCR and western blotting.

Animals and their treatment. Animal experiments were
ethically approved and supervised by the Ethics Committee
of Ethics Committee of Guangxi Medical University Cancer
Hospital (approval no. LW2018022). A total of 65 male SD
rats [age, 4 weeks; weight, 100-120 g; Guangxi Medical
University (Nanning, China)] were housed individually in
CombiCages under controlled light (12-h light/dark cycle) and
temperature (22+3°C and 40-70% relative humidity) condi-
tions. Food and water were available ad libitum. The rats were
randomly divided into six groups and the treatment methods
are presented in Table I.

The animal models of HCC were induced via DEN
(20 mg/ml; Sigma-Aldrich; Merck KGaA) intraperitoneally
injected (100 mg/kg body weight) once a week from the
Ist-3rd week and from the 11-13th week. Moreover, 10 mg/ml
EGCG (98%; Yibeijia Teatechnology) dissolved in physiolog-
ical saline and 20 mg/ml GTE (containing 49% EGCG; Yibeijia
Teatechnology) dissolved in physiological saline were prepared
to be used for intragastric administration (EGCG, 25 mg/kg
and GTE, 50 mg/kg body weight every day of the experiment).
A curved, stainless steel 16-gauge gavage needle was used to
deliver the compound to the stomach and the needle was wiped
between animals. Rats that received an intraperitoneal injec-
tion of physiological saline served as the control group. Vein
blood collection and liver biopsies were conducted during the
10-20th weeks. Following routine disinfection at a site below
the left-sided groin of the rats, ~2 ml blood was drawn via
the femoral vein puncture and serum was separated following
centrifugation at 2,000 x g for 10 min at room temperature.
The concentrations of alanine aminotransferase (ALT; cat.
no. OSR6107; Beckman Coulter, Inc.), aspartate transaminase
(AST; cat. no. OSR6209; Beckman Coulter, Inc.), alkaline
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Group Number Treatment methods

Normal 10 Intraperitoneal injection of physiological saline once a week from the 1st to 3rd week and from
the 11 to 13th week; intragastric administration of physiological saline every day

HCC 15 Intraperitoneal injection of DEN once a week from the 1st to 3rd week and from the 11 to

13th week; intragastric administration of physiological saline every day

EGCG treatment 10

Intraperitoneal injection of DEN once a week from the 1st to 3rd week and from the 11 to

13th week; intragastric administration of EGCG every day

Intraperitoneal injection of DEN once a week from the 1st to 3rd week and from the 11 to

13th week; intragastric administration of GTE every day

Intraperitoneal injection of physiological saline once a week from the 1st to 3rd week and from

the 11 to 13th week; intragastric administration of EGCG every day

GTE treatment 10
EGCG control 10
GTE control 10

Intraperitoneal injection of physiological saline once a week from the 1st to 3rd week and from

the 11 to 13th week; intragastric administration of GTE every day

DEN dose, 100 pg/kg body weight; EGCG dose, 25 mg/kg body weight; GTE dose, 50 mg/kg body weight. HCC, hepatocellular carcinoma;
DEN, diethylnitrosamine; EGCG, epigallocatechin gallate; GTE, green tea extract.

phosphatase (ALP; cat. no. OSR6104; Beckman Coulter,
Inc.) and y glutamyl transpeptidase (GGT; cat. no. OSR6120;
Beckman Coulter, Inc.) were determined using their respec-
tive kits on a biochemical autoanalyzer (AU5800; Beckman
Coulter, Inc.).

Liver biopsies were performed as follows: Anesthesia
was induced by intraperitoneal injection of sodium pento-
barbital (40 mg/kg body weight). Following the preparation
of the operation site by removing fur, the anesthetized rat
was disinfected with iodine tincture and 75% alcohol,
followed by a cut in the abdominal wall along the middle of
the abdomen near the xiphoid process. The whole liver was
exposed and ~1.0x0.6x0.6 cm in size was excised. The incision
was immediately pressed with sterile gauze for hemostasis.
Subsequently, 0.2 ml gentamicin sulfate (40,000 U/ml) was
injected into the abdominal cavity of rats and the abdominal
incision was sutured layer by layer. The harvested liver tissue
was divided into two pieces; one was immediately frozen with
liquid nitrogen (-196°C), the other was fixed with 4% parafor-
maldehyde for 48 h at room temperature. Animal health and
behavior were monitored daily.

When the animals exhibited a loss of appetite, lethargy and
clinical symptoms of severe loss of organ function or when the
maximum percentage weight loss was observed to be >10%,
the animals were sacrificed. The method used was intraperito-
neal injection of sodium pentobarbital (200 mg/kg). During the
experiment, a total of 25 mice died. The criteria for verifying
animal death were no breathing, no heartbeat and no corneal
reflex. All remaining rats were sacrificed at the 30th week, the
liver tissues were obtained and the tumor volume measured.
For rats presenting with multiple tumors, the largest tumor was
selected for statistical analysis of tumor volume. The tumor
volume formula used was as follows: Volume (mm?®)=width?
(mm?) x length (mm)/2.

RT-gPCR. Total RNA was extracted from 2x10° cells or 50 mg
tissues using TRIzol® reagent (Invitrogen; Thermo Fisher

Scientific, Inc.) and first strand cDNA was synthesized via
reverse transcription from 1 g RNA using a PrimeScript
RT Reagent kit with gDNA Eraser (Takara Biotechnology
Co., Ltd.), according to the manufacturer's protocol. Reverse
transcription was performed for 15 min at 37°C followed by
85°C for 5 sec. qPCR was performed using a standard protocol
from the SYBR® Premix Ex Taq kit (Takara Biotechnology
Co., Ltd.) on the CFX96 Real-Time PCR Detection system
(Bio-Rad Laboratories, Inc.), according to the manufacturer's
protocol. The thermocycling conditions were: Initial dena-
turation at 95°C for 30 sec, followed by 40 cycles at 95°C for
5 sec and 60°C for 1 min. Primer sequences used in the present
study are provided in Table II. The relative mRNA expression
levels compared with the GAPDH control were analyzed with
the 224%4 method (24). The experiments were replicated three
times.

Western blotting. HepG2 cells were treated with different
concentrations of EGCG (0, 75, 100 and 125 pg/ml) for 48 h at
37°C. Subsequently, the cells were washed twice with ice-cold
PBS. The liver tissues obtained during the 10,20 and 30th weeks
of the experiment were washed 2-3 times with cold PBS
followed by homogenization and incubation on ice for 30 min.
The prepared cells and tissues were lysed with RIPA lysis
buffer (Sigma-Aldrich; Merck KGaA) containing 1% phenyl-
methylsulfonyl fluoride (1 mM; Sigma-Aldrich; Merck KGaA)
and centrifuged (4°C; 10,000 x g; 10 min). The concentration of
total protein was measured using the Bradford assay. Each well
was loaded with 50 ug protein. The samples were fractionated
on a 10% SDS-PAGE, stacked at 80 V for 35 min and sepa-
rated at 120 V for 1 h. Following electrophoresis, the proteins
were transferred to PVDF membranes (EMD Millipore). The
membranes were blocked for 1 h at room temperature with 5%
skimmed milk and incubated overnight at 4°C with different
primary antibodies: Anti-CDC25A rabbit polyclonal antibody
(1:1,000; cat. no. GB11283; Wuhan Servicebio Technology
Co., Ltd.), anti-p21wafl/Cipl rabbit polyclonal antibody
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Table II. Primers set used for the detection of human and rat CDC25A, p21waf1/Cipl and GAPDH.

Name Sequence 5'—3' Product length (base pairs)
Human CDC25A Forward: TTCCTCTTTTTACACCCCAGTCA 173
Reverse: TCGGTTGTCAAGGTTTGTAGTTC
Human p21waf1/Cipl Forward: TGTCCGTCAGAACCCATGC 139
Reverse: AAAGTCGAAGTTCCATCGCTC
Human GAPDH Forward: TGACTTCAACAGCGACACCCA 121
Reverse: CACCCTGTTGCTGTAGCCAAA
Rat CDC25A Forward: CCAAAGGAACCATTGAGAAC 138
Reverse: CAGATGCCATAATTTCTGGAG
Rat p21waf1/Cipl Forward: TGTTCCACACAGGAGCAAAG 175
Reverse: AACACGCTCCCAGACGTAGT
Rat GAPDH Forward: AAGAAGGTGGTGAAGCAGGC 200
Reverse: ACCACCCTGTTGCTGTAGCC
CDC25A, cell division cycle 25A.
(1:1,000; cat. no. GB11153; Wuhan Servicebio Technology Co., A HepG2
Ltd.) and anti-GAPDH mouse polyclonal antibody (1:50,000; 120 = Control
cat. no. GB11002; Wuhan Servicebio Technology Co., Ltd.). — . : ;: ug:m:
Following the primary antibody incubation, the membranes < fas.. ; T : s Esfml
were incqbated for 1 h at 37°C with antifabbi.t or anti-mouse ; 80— i \ **-* E ‘M i i = 100 pgiml
HRP-conjugated polyclonal sec.:ondary gntlbodle§ (1:5,000; cat. 2 6o i 1|1 I L. i - = 125 pg/mi
nos. A0208 and A0216; Beyotime Institute of Biotechnology). g : i / : E = I == 150 pg/ml
The primary antibodies and secondary antibodies were diluted § 40+ HIH L E E 1 I
in TBS-0.05% Tween 20 (TBST)-non-fat milk. The bands 204 E \ E E \ E i \ '***
were visualized by enhanced chemiluminescence detection . ] E é : E : E E E

reagents (Applygen Technologies Inc.). The PVDF membranes
were scanned with a ChemiDoc MP imaging system (BioRad
Laboratories, Inc.) and the densitometry was performed using
Image Lab software (version 3.0; Bio-Rad Laboratories, Inc.).

Histopathological assessments. The livers of the rats were
carefully removed and fixed in 4% paraformaldehyde for 48 h
at room temperature and embedded in paraffin, then sliced into
4-um thick sections. The sections were dewaxed in xylene, rehy-
drated using a descending series of ethanol, and stained with
hematoxylin and eosin (H&E) using a staining kit (Beyotime
Institute of Biotechnology). Briefly, the sections were stained
with 30 mg/ml hematoxylin for 15 min at room temperature,
washed three times with water for 1 min for each time, and
then dipped in 1% hydrochloric acid/alcohol for 10 sec. After,
the sections were washed with tap water for 3 min and stained
in 1% eosin for 1 min at room temperature. The sections were
dehydrated in an ascending series of alcohol, transferred to
xylene for 5 min at room temperature, and then sealed with
neutral gum and covered with a glass coverslip. The sections
were visualized using a light microscope (magnification, x100
or x200; Olympus Corporation).

Statistical analysis. Statistical analyses were performed
using SPSS v19.0 statistical software (IBM Corp.). A one-way
ANOVA followed by Dunnett's test was performed for group
comparisons. An unpaired two-tailed Student's t-test was
used to evaluate differences in cell cycle distribution between
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Figure 1. EGCG inhibits cell viability in HepG2 and Huh7 cells. (A) HepG2
and (B) Huh7 cells were treated with indicated concentrations of EGCG for
24,48 and 72 h and cell viability were detected using a Cell Counting Kit-8
assay. "P<0.05 and “P<0.01 vs. control group. The results are representative
of three independent experiments. Error bars represent mean + standard
deviation. EGCG, epigallocatechin gallate.

EGCG group and the control group. The cell experiment was
conducted independently =3 times, and the data are presented
as the mean + SD. The survival of the rats was estimated using
the Kaplan-Meier method. A log-rank test was performed for
the survival analysis after Kaplan-Meier test, and a Bonferroni
test was used for correction of the obtained values from the



MOLECULAR MEDICINE REPORTS 22: 3873-3885, 2020

3877

A B g |
z 2
60 60
Channels {FL2-A) Channels {FL2-A)
Control EGCG
C 1004 mm Control
3 *
S =
.E. 80 EGCG
o
:.3 %*
2 60+
-
i) m
=]
P 404 %*
(2]
ry
—] 204
@
o
o =~
G, S G,/M

Figure 2. Effect of EGCG treatment on cell cycle in HepG2 cells. Cells from (A) control group and (B) EGCG group treated with 127.09 ug/ml EGCG for 48 h,
were analyzed using flow cytometry. (C) Quantitative analysis indicates the proportion of S phase and G2/M phase cells in HepG2 cells treated with EGCG
for 48 h increased and the proportions of cells in G1 phase was reduced. ‘P<0.05. EGCG, epigallocatechin gallate.

log rank tests. P<0.05 was considered to indicate a statistically
significant difference.

Results

EGCG inhibits cell viability in human hepatoma cell lines.
The inhibitory effects of EGCG on HepG2 and Huh7 cells
were evaluated using CCK-8 assay. Exposure of HepG2 and
Huh7 cells to 25 ug/ml EGCG led to a notable inhibition of
cell viability, while 50, 75, 100, 125 and 150 pg/ml EGCG
significantly enhanced this inhibitory effect (Fig. 1). In addi-
tion, a time-effect analysis indicated that 25 pg/ml EGCG
markedly decreased the viability of HepG2 and Huh7 cells at
24 h, which became significant at 48 and 72 h. The decrease
was significant at all time points in HepG2 and Huh?7 cells
treated with 50-150 ug/ml EGCG. These results suggested that
EGCQG can inhibit the proliferation of human hepatoma cell
lines in a dose- and time-dependent manner.

EGCG causes cell cycle arrest in HepG2 cells. According to
the cell viability (%) presented in Fig. 1, the inhibitory rate was
calculated (data not shown). The ICs, value of EGCG at 48 h

for HepG2 cells was 127.09 pg/ml. Thus, HepG2 cells were
treated with 127.09 ug/ml EGCG for 48 h. Flow cytometry
was used to detect the cell cycle. The EGCG group demon-
strated statistically significant differences from the control
group (Fig. 2). The proportion of cells in the S phase and G,/M
phases were significantly increased compared with the control
group, while the proportion of G, phase cells was reduced
significantly. Therefore, EGCG could arrest the cell cycle in
the S phase and G,/M phases of HepG2 cells.

EGCG induces CDC25A downregulation in HepG?2 cells.
The expression of CDC25A in HepG2 cells treated with 0,
75, 100 or 125 ug/ml EGCG for 48 h was examined using
RT-qPCR and western blotting. In HepG2 cells treated with
100 and 125 pg/ml EGCG, the expression of CDC25A mRNA
was significantly lower compared with untreated HepG2
cells (Fig. 3A). It was also identified that CDC25A protein
expression decreased significantly in HepG2 cells following
treatment with 125 pg/ml EGCG for 48 h (Fig. 3B and C).

To further demonstrate that CDC25A was the target
of EGCG in inhibiting the proliferation of hepatoma cells,
the effect of CDC25A overexpression on EGCG-induced
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Figure 3. EGCG results in CDC25A downregulation in HepG2 cells. The cells were treated with indicated concentrations of EGCG for 48 h. (A) Total RNA
was isolated from HepG2 cells and mRNA expression levels were analyzed using RT-qPCR. CDC25A expression was normalized to GAPDH. (B) Total
protein lysates were collected following EGCG treatment and the expression of CDC25A protein in HepG2 cells was detected using western blotting with the
indicated antibodies. (C) The relative densities of these proteins were analyzed using Image Lab software. CDC25A overexpression efficiency was confirmed
via (D) RT-qPCR and (E) western blot analysis, (F) results of which were semi-quantified. (G) CDC25A overexpression reversed EGCG-induced proliferation
inhibition. “P<0.01 vs. the indicated group (n=3). Error bars represent mean * standard deviation. EGCG, epigallocatechin gallate; CDC25A, cell division

cycle 25A; RT-qPCR, reverse transcription-quantitative PCR.

inhibition in HepG2 cells was investigated. HepG2 cells over-
expressing CDC25A were constructed via transfection with
Lenti-CDC25A (Fig. 3D-F). The viability changes in HepG2
cells treated with EGCG were reversed by transfection with
Lenti-CDC25A, which did not occur in HepG2 cells trans-
fected with Lenti-vector and untreated HepG2 cells (Fig. 3G).

These findings indicated that CDC25A overexpression blocked
the EGCG-induced inhibition of HepG2 cell proliferation.

EGCG induces p2lwafl/Cipl upregulation in HepG2
cells. As a negative transcription factor, p2lwaf1/Cipl can
directly regulate the transcription activity of the CDC25A
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Figure 4. EGCG induces p21waf1/Cipl upregulation in HepG2 cells. The cells were treated with indicated concentrations of EGCG for 48 h. (A) p21waf1/Cipl
mRNA levels in HepG2 cells were determined via RT-qPCR. p21waf1/Cipl expression was normalized to GAPDH. (B) Cells were lysed and collected to detect
the expression of p21waf1/Cipl protein in HepG2 cells using western blot analysis. (C) The relative densities of these proteins were analyzed using Image
Lab software. "P<0.05 and “P<0.01 vs. the indicated group (n=3). Error bars represent mean * standard deviation. EGCG, epigallocatechin gallate; RT-qPCR,

reverse transcription-quantitative PCR.

promoter (25). However, whether EGCG affected the
expression of p2lwafl/Cipl in HCC required further inves-
tigation. The present study identified that the expression of
p21wafl/Cipl mRNA, which was reduced in HCC, increased
with the decrease of CDC25A expression in HepG2 cells
following treatment with 100 or 125 pug/ml EGCG for 48 h
(Fig. 4A). p21waf1/Cipl protein expression was significantly
upregulated in HepG2 cells treated with 100 and 125 pg/ml
EGCG (Fig. 4B and C). These results suggested that EGCG
can simultaneously upregulate p21waf1/Cipl and downregu-
late CDC25A in vitro, which may be one of the mechanisms
for EGCG-induced inhibition of hepatoma cell proliferation.

Chemopreventive effects of EGCG against HCC in vivo.
Maximum percentage weight loss observed in rat from start to
endpoint was 4.5%. During the experiment, liver biopsies were
performed for all surviving rats during the 10-20th weeks,
to observe the occurrence of liver cancer in rats. During the
10th week, two rats in the HCC group were identified to
have liver cirrhotic nodules. During the 20th week, two rats
in the EGCG treatment group, three rats in the GTE treat-
ment group and five rats in the HCC group developed HCC.
From the 15th week onward, rat mortality in the HCC group
occurred and fourteen rats died. In the EGCG treatment group,
five rats died during the 24, 26, 28 and 29th weeks. From the
22nd-30th weeks, six rats in the GTE treatment group died.
The succumbed rats were diagnosed with liver cancer using
histopathologic analysis. At the end of the experiment, it was
observed that only one rat in the HCC group, five rats in the
EGCQG treatment group and four rats in the GTE treatment
group remained alive. The remaining animals were sacrificed

following different drug treatments for 30 weeks and liver
tissues were obtained.

Histopathological analysis from the living rat in the HCC
group, in addition to three rats in the EGCG treatment group
and three rats in the GTE treatment group that developed HCC,
exhibited marked cellular infiltration, massive breakdown of
hepatic tissues, plate-like and diffuse cancer cells, as well as
more deeply stained nuclei and cytoplasm (Fig. 5A). A total of
two rats in the EGCG treatment group and one rat in the GTE
treatment group developed liver cirrhosis. The liver sections
stained with H&E revealed the formation of differently-sized
liver cirrhosis pseudolobules, deformation of the hepatocyte
nuclei and atypical hyperplasia of the hepatic cells (Fig. 5B).
However, all rats in the control groups, including the normal,
EGCG and GTE controls which were treated with EGCG or
GTE only without DEN, had no liver abnormalities (Fig. 5C).
Fifteen rats in the HCC group, eight rats in the EGCG treat-
ment group and nine rats in the GTE treatment group developed
HCC. The incidence of HCC in the EGCG (80.0%, 8/10) and
GTE groups (90%, 9/10) was lower compared with the HCC
group (100%, 15/15), but the difference was not significant.

From the rats that died during the experiment and those
sacrificed at the end of the experiment, the livers were
harvested to observe the volume of the tumor (Fig. 5D).
The width and length of each tumor were measured and the
tumor volume was calculated. Maximum tumor diameter,
volume and weight (as percentage of total body weight) was
20 mm, 1,960 mm?® and 0.77% of total body weight, respec-
tively. It was found that, the tumor volume in the EGCG
treatment group and GTE treatment group was significantly
smaller compared with that in the HCC group (Fig. 5E).
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Figure 5. EGCG induces the chemopreventive effect against HCC in vivo. The surviving rats were sacrificed and liver tissues were obtained at the end of the
experiment (the 30th week). Histopathological examination of liver sections stained with hematoxylin and eosin. (A) HCC (magnification, x100), (B) liver
cirrhosis (magnification, x100) and (C) healthy liver (magnification, x200). The red arrows indicate the formation of pseudo lobules in different sizes of
liver cirrhosis. (D) Representative images of the livers in the normal group, HCC group, EGCG treatment group and GTE treatment group. Scale bar, 1 cm.
(E) Tumor volume in all groups was calculated. All rats in control groups, including the normal, EGCG and GTE controls, had no tumor in the liver, so the
tumor volume was zero. (F) Kaplan-Meier survival curves of rats. All rats in the normal, EGCG and GTE control group survived at the end of the experiment,
so the survival curves overlaps. ‘P<0.05 vs. the indicated group. EGCG, epigallocatechin gallate; HCC, hepatocellular carcinoma; GTE, green tea extract.

Overall survival rates were also calculated (Fig. 5F). The
survival rate of rats was 6.67% (1/15) in the HCC group.
Notably, treatment with EGCG for 30 weeks improved the
rat survival to 50% (5/10) and treatment with GTE improved
the rat survival to 40% (4/10). These data supported the
hypothesis that EGCG and GTE significantly inhibited

tumor growth and prolonged the survival rates of rats with
HCC.

EGCG significantly reduces the serum GGT level in rats
with DEN-induced HCC. ALT, AST, ALP and GGT are

the blood indexes associated with the liver (26). During the
10-20th weeks of the experiment, the levels of ALT, AST, ALP
and GGT in serum were detected. The levels of ALP, ALT
and AST exhibited no significant changes, with the exception
of a transient increase in ALT in the HCC group compared
with the normal group during the 10th week and a transient
decrease in AST in the GTE treatment group compared
with the HCC group during the 20th week (Fig. 6A-C).
The results demonstrated that serum GGT in HCC rats was
significantly increased compared with the normal group at 10
and 20 weeks; however, the serum GGT level in rats treated
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Figure 6. Treatment with EGCG and GTE resulted in significant serum GGT reduction. The vein blood collections were performed for all rats during the 10
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as mean + standard deviation. EGCG, epigallocatechin gallate; GTE, green tea extract; GGT, vy glutamyl transpeptidase; ALT, alanine aminotransferase;

AST, aspartate transaminase; ALP, alkaline phosphatase.

with EGCG or GTE was significantly lower compared with
the HCC group at 10 and 20 weeks (Fig. 6D). Thus, treatment
with EGCG and GTE resulted in significant reductions in
serum GGT.

EGCG reverses HCC-induced elevation of CDC25A and
reduction of p2lwafl/Cipl in vivo. The dynamic changes
in CDC25A and p2lwafl/Cipl were observed by detecting
the expression levels of CDC25A and p21wafl/Cipl mRNA
and protein in liver tissues obtained during the 10, 20 and
30th weeks of the experiment. During the 10th week, there
was no obvious change in the expression of CDC25A mRNA
(Fig.7A) and protein (Fig. 7D and G) in the liver tissues of rats in
the HCC group compared with the normal group. However, the
expression levels of CDC25A mRNA and protein in the HCC
group significantly increased from the 20th to the 30th week
compared with the normal group. Treatment with EGCG or
GTE significantly reduced the expression of CDC25A mRNA
and protein in DEN-induced HCC rats, which began at the
20th week (Fig. 7B,C and E-G).

It was identified that the expression levels of p21waf1/Cipl
mRNA and protein in the HCC group were lower compared
with those of the normal group from the 10th week to the
end of the experiment. Furthermore, treatment with EGCG or
GTE reversed the expression of p21waf1/Cipl in DEN-induced
HCC rats, which started at the 10th week (Fig. 7A and D). It
was demonstrated that EGCG and GTE did not affect the
expression levels of CDC25A and p2lwafl/Cipl in normal
rats. Therefore, the data supported the hypothesis that treat-
ment with EGCG or GTE reversed HCC-induced reduction
of p21waf1/Cipl and elevation of CDC25A, but did not affect
normal rats.

Discussion

EGCQG, the most active biological constituent derived from
GT, has notable chemopreventive and antitumor effects (27).
The aim of the present study was to simulate the process of
drinking tea in daily life via oral administration of EGCG
instead of intraperitoneal injection, as conducted in a previous
study (28). In addition, the experiment lasted for 30 weeks
and is thus of benefit to the long-term understanding of cancer
prevention. The animal model selected could be used for
multiple liver biopsies during the experiment, which was estab-
lished early in our laboratory and continuously optimized over
the course of the current study (29). In the experiments, liver
tissues were collected three times for the dynamic detection of
cell cycle-related molecules.

Several previous studies have reported that EGCG can
exert chemopreventive effects on different carcinomas,
including skin tumors (30), lung cancer (31), gastrointestinal
cancer (32) and prostate cancer (33). In the present study, the
tumor incidence in rats treated with EGCG demonstrated
a downward trend compared with the HCC group, but no
statistically significant difference was observed; a possible
explanation for this is that the dose of oral EGCG used in the
present study was not high enough. Oral administration of
EGCG has been reported to be first absorbed in the intestines
and the bioavailability is poor due to oxidation, metabolism
and efflux (34,35). In order to observe the effect of EGCG and
GTE on the survival time of rats with HCC, the duration of this
experiment was 30 weeks, while numerous previous studies
were only 20 weeks (36-38); this may explain the high number
of deaths. In the current study, it was identified that EGCG can
reduce tumor volume and inhibit tumor growth. In addition,
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Figure 7. EGCG reverses HCC-induced elevation of CDC25A and reduction of p21waf1/Cipl in vivo. Liver tissues were obtained from rats that had undergone
two liver biopsies during the 10 and 20th weeks and the rats sacrificed at the end of the experiment. CDC25A and p21waf1/Cipl mRNA expression levels in
rats during the (A) 10th week, (B) 20th week and (C) 30th week were determined via RT-qPCR. CDC25A and p21waf1/Cipl expression levels were normal-
ized to GAPDH. The liver tissues were lysed and total protein were collected to detect the expression levels of CDC25A and p21waf1/Cipl proteins during
the (D) 10th week, (E) 20th week and (F) 30th week using western blot analysis. (G) The relative densities of these proteins were analyzed using Image Lab
software. "P<0.05 and “P<0.01 vs. the indicated group. Error bars represent mean + standard deviation. EGCG, epigallocatechin gallate; HCC, hepatocellular
carcinoma; CDC25A, cell division cycle 25A; RT-qPCR, reverse transcription-quantitative PCR; GTE, green tea extract.

EGCG improved the survival of rats from 6.67% in the HCC
group to 50.0% in the EGCG treatment group. The results also
suggested that 25 mg/day EGCG could prolong the survival
rates of HCC rats. In vitro, EGCG exhibited dose-dependent

reduction in the viability of HepG2 and Huh7 human hepa-
toma cells. Furthermore, EGCG could also arrest the cell cycle
in the S phase and G,/M phases of HepG2 cells. Thus, EGCG
had chemopreventive effects on HCC to a certain degree.
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It has been shown that the serum GGT levels are signifi-
cantly increased in patients with HCC (39). The elevation of
the GGT level in HCC may be associated with GGT gene
activation by the hypomethylation status of the CCGG sites
of GGT genes (40), in addition to the release of GGT from
the liver cells into circulation due to DEN-induced liver
damage (41). GGT is also involved in biotransformation,
nucleic acid metabolism and tumorigenesis (42). Moreover,
EGCG inhibits the GGT increase dose-dependently in HepG2
cells exposed to a lethal dose of ethanol (43). In the present
study, treatment with EGCG reduced the elevated GGT in
HCC without affecting the control group, which aided the
delay of tumorigenesis.

Several mechanisms have been proposed to explain the
chemopreventive effects of EGCG. The generation of reactive
oxygen species (44), inhibition of multiple signaling pathways
and key enzymes are hypothesized to suppress the processes
of carcinogenesis (45-47). However, EGCG can influence the
different molecular mechanisms, causing unique anti-cancer
actions in various tumor cells (6). The present study hypoth-
esized that the mechanism underlying the preventive effects of
EGCG may be associated with the key genes involved in the
pathogenesis and progression of HCC. In our previous study,
identification and validation of CDC25A, candidate gene
screening by gene set enrichment analysis and a meta-analysis
based on the cross-species comparison strategy were performed
in HCC. Subsequently, high expression of CDC25A was also
identified in HCC samples from AFBIl-induced rat and tree
shrew HCC models, in addition to human samples. Thus,
CDC25A may serve an important role in the development of
HCC @“8).

CDC25A, a member of the CDC25 phosphatase family,
can dephosphorylate and activate CDKs via tyrosine/threonine
phosphatase activity (49). CDC25A is regarded as an important
regulator of the cell cycle due to its extensive role in cell cycle
transformation and mitosis (50). A number of studies have
confirmed that CDC25A is an oncogene: Abnormal CDC25A
can promote G,/S and G,/M transition by dephosphorylating
CDKI1 and CDK?2 at T14/Y15, as well as CDK4 at Y17 (51-53),
leading to uncontrolled cell proliferation and malignant trans-
formation. In addition to affecting the cell cycle, CDC25A can
promote high expression levels of glycolysis- related genes
Glucose transporter 1, pyruvate kinase M1/2 (PKM2) and
lactate dehydrogenase A via the dephosphorylation of PKM2,
the key enzyme of glycolysis and participate in the metabolic
regulation of tumor cells (54). Upregulation of CDC25A has
frequently been identified in various tumors, and appears to
be closely associated with malignancy and poor prognosis in
patients with cancer (55-57).

In the process of DEN-induced HCC, the present study
identified that the expression levels of CDC25A mRNA and
protein in the liver tissue of rats in the HCC group were
gradually increased compared with the normal group. This
is consistent with the findings of our previous study, that
CDC25A serves an important role in the development of
HCC (48). Thus, it was suggested that treatment of HCC rats
with EGCG restored CDC25A expression. In addition, the
present study demonstrated that EGCG significantly reduced
the expression of CDC25A in HepG2 cells. It was also found
that overexpression of CDC25A could reverse EGCG-induced
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inhibition of HepG2 cell proliferation. Therefore, the present
study provided a possible mechanism for the inhibition of liver
cancer development via the repression of CDC25A in vitro and
in vivo.

p21waf1/Cipl serves an important role in controlling cell
cycle progression (58). For instance, p21waf1/Cipl contributes
to the inhibition of retinoblastoma protein phosphorylation
that is necessary for cell cycle progression by binding CDKs
in the G, phase (59). p2lwafl/Cipl functions as a tumor
suppressor and is usually deregulated in tumors due to the
function loss of transcriptional activators, including p53 and
smad3 (60). The downregulation of p21wafl/Cipl was also
observed in the present study. p2lwafl/Cipl reduces the
transcriptional activity of the CDC25A promoter as a nega-
tive transcriptional repressor (25). The results of the present
study demonstrated that EGCG significantly upregulated the
expression of p21wafl/Cipl between the 20-30th week, along
with a decreased expression of CDC25A in vivo, which is in
line with a previous study that reported that EGCG enhances
the expression of p21waf1/Cipl in colorectal cancer cells (61).
However, during the 10th week of the present study, the rats
treated with DEN remained in a precancerous state. Although
the expression of p2lwafl/Cipl decreased significantly, it
was not sufficient to affect the transcriptional activity of
CDC25A; CDC25A mRNA and protein appeared to increase,
but the change was not significant. Furthermore, reduced
p21waf1/Cipl was observed in HepG2 cells. However, whether
the molecular mechanism of EGCG in decreasing CDC25A
expression in liver cancer cells is associated with the inhibition
of CDC25A promoter activity through elevated p21waf1/Cipl
remains to be investigated. It was hypothesized that treatment
with EGCG caused p2lwaf1/Cipl upregulation and CDC25A
trans-inhibition, resulting in decreased CDC25A mRNA and
protein expression levels. Thus, EGCG-induced p21waf1/Cipl
upregulation and CDC25A downregulation may led to tumor
growth inhibition.

Current research concentrates on EGCG, rather than GT,
in the mechanisms of prevention and treatment of tumors with
GT, as the advantages of EGCG (clear chemical structure and
high purity) are conducive to scientific research. In the present
study, GTE and EGCG were selected as research subjects. GT
has application advantages in safety, convenience, compli-
ance and economy in daily use. There are various chemical
substances in GT that possess complex biological antagonistic
and synergistic properties (6). A previous study reported that
GTE at an EGCG-equivalent concentration exhibits a stronger
inhibition compared with EGCG alone in human squamous
cell carcinoma lines (62). However, another study demon-
strated that EGCG and GTE exhibit some activity as immune
checkpoint inhibitors in lung cancer development (63). The
results of the present study suggested that there was no signifi-
cant difference in the preventive effects of GTE and EGCG
on liver cancer cells under an EGCG equivalence condition.
As with EGCG, treatment with GTE also improved survival
via p21waf1/Cipl upregulation and CDC25A downregulation.

To the best of our knowledge, the primary findings of
the current study are the first to have shown that EGCG
possesses chemopreventive properties, which can be partly
explained by the reduction in CDC25A, as a key liver cancer
gene reported in our previous study (48). Collectively, the
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results from the present study demonstrated that EGCG
and GTE effectively reduced tumor volume, improved the
survival rate of rats with HCC and inhibited hepatoma cell
proliferation via the promotion of p21waf1/Cipl and inhibi-
tion of CDC25A expression. Further efforts to identify the
mechanisms underlying EGCG-induced inhibition in tumor
cell viability via the p21waf1/Cipl/CDC25A signal axis may
facilitate the efficient treatment of liver cancer. Given its
poor stability and low bioavailability, EGCG can be used in
combination with other antitumor drugs and have an auxil-
iary or synergistic effect on HCC prevention and treatment.
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