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Abstract: Theaflavins, the major black tea polyphenols, have been reported to exhibit promising
antitumor activities in several human cancers. However, the role of theaflavins in hepatocellular
carcinoma (HCC) is still unknown. In this study, we found that theaflavins could significantly
inhibit proliferation, migration, and invasion, and induce apoptosis in HCC cells in vitro. Fur-
thermore, we found that theaflavins inhibited the growth and metastasis of HCC in an orthotopic
model and a lung metastasis model. Immunohistochemical analyses and terminal deoxynucle-
otidyl transferase dUTP nick end-labeling assays showed that theaflavins could suppress pro-
liferation and induce apoptosis in vivo. Theaflavins also suppressed constitutive and inducible
signal transducer and activator of transcription 3 (STAT3) phosphorylation. The downstream
proteins regulated by STAT3, including the antiapoptotic proteins (Bcl-2 and Survivin) and the
invasion-related proteins (MMP-2, MMP-9), were also downregulated after theaflavins treatment.
Theaflavins induced apoptosis by activating the caspase pathway. Together, our results suggest
that theaflavins suppress the growth and metastasis of human HCC through the blockage of the
STATS3 pathway, and thus may act as potential therapeutic agents for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth most common malignancy and the third
leading cause of cancer-related death worldwide.! Although epidemiological studies
have shown that chronic viral infections and hepatotoxic agents are the major risk factors,
the molecular pathogenesis of HCC involves several oncogenes and tumor suppressor
genes.?® Current treatment options, including surgical resection and conventional
chemotherapy, are commonly associated with severe morbidity, side effects, and the
development of drug resistance.* Novel drugs are therefore needed for better preven-
tion and treatment of HCC.

Natural compounds or their derivatives are still one of the major sources of anti-
tumor drugs. Although the development of synthetic chemistry has led to the produc-
tion of novel drugs, treatments for cancer cannot totally replace the potent biological
activities and great structural diversity of natural products.’ Theaflavins, derived from
black tea, are thought to possess antioxidant properties, the ability to scavenge or
inhibit free radicals, and the ability to treat blood vessel and heart diseases. Recent
studies have reported that theaflavins exhibit antitumor activities on different tumor
cells, including breast carcinoma, prostate carcinoma, and melanoma.!*"> Theaflavins
also exert their protective effect against dimethylnitrosamine-induced liver fibrosis,
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which is a risk factor for developing HCC.'® However, the
exact role of theaflavins in HCC is still unclear.

The purpose of this study was therefore to investigate
the effects of theaflavins on the proliferation, migration, and
invasion of HCC in vitro and in vivo, as well as to characterize
the associated mechanisms of these processes.

Materials and methods

Cell lines, reagents, and antibodies
HCCLM3, Huh-7, and LO2 cell lines were purchased from
the Cell Resource Center of Shanghai Institute for Biological
Sciences, Chinese Academy of Sciences (Shanghai, People’s
Republic of China). The cells used in this paper were approved
by the Committee of the Fifth Central Hospital of Tianjin. All
the cells were cultured in Dulbecco’s Modified Eagle’s Medium
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 10% fetal bovine serum. Theaflavins, interleukin-6 (IL-6),
and benzyloxycarbonyl-valinyl-alaninyl-aspartyl fluoromethyl
ketone were purchased from Sigma-Aldrich Co. (St Louis, MO,
USA). NSC 74859 was obtained from Santa Cruz Biotechnol-
ogy Inc. (Dallas, TX, USA). Primary antibodies against Bcl-2,
Survivin, cleaved-caspase-3, cleaved-caspase-9, cleaved-poly
(ADP-ribose) polymerase (PARP), pro-caspase-3, pro-PARP,
p-ERK, ERK, p-AKT, AKT, p-STAT3, and STAT3 were pur-
chased from Cell Signaling Technology (Danvers, MA, USA).
Glyceraldehyde 3-phosphate dehydrogenase and secondary
antibodies against mouse IgG-horseradish peroxidase (HRP)
and rabbit IgG-HRP were obtained from Santa Cruz Biotech-
nology. Antibodies against Ki-67, MMP-9, and MMP-2 were
obtained from Abcam (Cambridge, UK).

Cell viability assay

Cell viability was determined by a Cell Counting Kit-8
(CCK-8) assay (Dojindo Laboratories, Kumamoto, Japan).
Briefly, cells were incubated in a 96-well plate at a density
of 3x10? cells per well and treated with different concentra-
tions of theaflavins (0, 10, 20, 40, 60, or 80 pg/mL) for 24 or
48 hours. The supernatant of the cell culture was discarded,
and a mixture of CCK-8 and a new cell culture was added to
each well. After incubation at 37°C for 2 hours, the absor-
bance was measured using a microplate reader at 450 nm.

Cell cycle and apoptosis analysis

The cell cycle analysis kit and annexin V-fluorescein isothiocy-
anate apoptosis kit were purchased from BD Biosciences (San
Jose, CA, USA). For cell cycle analyses, cells were treated
with theaflavins (40 pg/mL) for 48 hours, and then 1x10° cells
were fixed in 70% ethanol at —20°C overnight. On the next

day, the fixed cells were stained according to the protocol of
the manufacturer and analyzed by flow cytometry (Beckman
Coulter FC500; Beckman Coulter, Brea, CA, USA).
For apoptosis analyses, cells were harvested at a concentration
of 1x10° cells/mL after treatment with theaflavins (40 pg/mL)
for 48 hours. The cells were then stained according to the
protocol of the manufacturer and analyzed by flow cytometry
using the Beckman Coulter FC500.

Wound-healing assay

HCC cells were seeded at 5-6x10° cells per well in a six-
well plate and allowed to grow to confluence. The cells were
then washed once in medium, scratched with a 10 UL pipette
tip, and then incubated in growth medium with 20 ug/mL of
theaflavins. Images were taken at 0 and 36 hours at x10 using
a Nikon Eclipse TS100 microscope (Nikon, Tokyo, Japan).

Cell invasion assay

HCC cells were pretreated with 20 pug/mL of theaflavins
for 24 hours. Then, invasion was measured using 24-well
BioCoat cell culture inserts (BD Biosciences) with a poly-
ethylene terephthalate membrane of 8 um porosity coated
with a Matrigel® basement membrane.

Western blotting

HCCLM3 and Huh-7 cells were plated at a density of 3x10°
cells/well in six-well plates. After incubation with differ-
ent doses of theaflavins, the cells were washed twice with
ice-cold phosphate-buffered saline (PBS) and treated with
200 puL sample buffer on ice for 30 minutes. The cell lysate
was centrifuged at 12,000 rpm for 10 minutes at 4°C. Pro-
tein lysates (30 L) were electrophoresed on a 12% or 10%
sodium dodecyl sulfate gel. The proteins were then elec-
trophoretically transferred to a polyvinylidene difluoride
membrane, and the membrane was blocked with 5% nonfat
dry milk for 2 hours. The membrane was then incubated
overnight at 4°C with primary antibodies (1:1,000-1:4,000
dilutions). Subsequently, the membrane was washed in
PBS containing Tween 20 for 30 minutes, exposed to HRP-
conjugated secondary antibody (diluted to 1:2,000), and
washed again in PBS containing Tween 20 for 30 minutes.
Final detection was performed using an enhanced chemilu-
minescence solution (Pierce, Waltham, MA, USA).

Immunohistochemical analysis

Frozen 5 mm thick sections of tumor samples were prepared
to determine the proliferation ability with anti-Ki-67 antibody
(1:50 dilution). After blocking endogenous peroxidase activity,
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the sections were incubated overnight with the primary anti-
body at 4°C. Detection was done using the Polink-2 Plus [HC
Detection System (Beijing Zhongshan Biotechnology, Beijing,
People’s Republic of China) according to the manufacturer’s
instructions. Positively stained cells were counted in ten
randomly selected fields under x400 high-power magnifica-
tion. A proliferative index, expressed in percentage of cells,
was calculated using the formula: number of Ki-67-positive
cells/total cell count.

Terminal deoxynucleotidyl transferase
dUTP nick end-labeling assay

Apoptosis was detected using a terminal deoxynucleotidyl
transferase dUTP nick end-labeling enzyme kit (Hoffman-La
Roche Ltd., Basel, Switzerland) according to the manufac-
turer’s instructions.

Orthotopic animal model of HCC

Male BALB/c athymic nude mice (4—-6 weeks old) were
obtained from the experimental animal center of Shanghai
Institute for Biological Sciences and housed under standard
conditions according to the institutional guidelines for animal
care. All surgical procedures and care administered to the
animals were approved by the institutional ethics committee.
HCCLMS3 cells (5x10°) were subcutaneously injected into the
backs of mice (n=6) to establish tumors. Two weeks later,
subcutaneous tumors were cut into pieces (1 mm?® each) under
aseptic conditions and then implanted into the left liver lobe of
nude mice. Mice received daily 200 UL intraperitoneal injec-
tions of either PBS (control) or theaflavins (10 mg/kg/d). The
dose and method of administration were based on our prelimi-
nary experiments. After 5 weeks of treatment, the mice were
euthanized, and the tumor volume was calculated using the
following equation: tumor volume = length x (width)? x /6.
The tumor tissue was then prepared for further analyses.

In vivo experimental metastasis assay

All of the animal experiments were approved by the Institu-
tional Animal Care and Use Committee of the Fifth Central
Hospital of Tianjin, and all mice were housed under standard
conditions according to the guidelines of the Institutional
Animal Care and Use Committee. To establish the lung
metastasis model, eight mice in each group were injected with
HCCLMS3 cells (2.5x10°%). Mice were treated with theaflavins
(10 mg/kg/d) for 6 weeks. PBS was used as a control. At the
end of the treatment, mice were euthanized, and the tumor
nodules formed on the lungs were counted. Lungs were excised
to perform further experiments.

Statistical analyses

All data are expressed as the mean + standard deviation.
Comparisons among multiple groups were made with a
one-way analysis of variance followed by Dunnett’s ¢-test.
A P-value <0.05 was considered significant.

Results
Theaflavins inhibit proliferation and

induce apoptosis in HCC cells

We first performed a CCK-8 assay to detect the antiproliferative
effect of theaflavins on HCC cells. HCC cells were cultured
for 24 hours in different concentrations (0, 10, 20, 40, 60, or
80 pug/mL) of theaflavins, and then the cell viability was mea-
sured. Theaflavins significantly inhibited the viability of HCC
cell lines in a dose-dependent manner (Figure 1A). Extending
drug exposure to 48 hours resulted in additional cytotoxicity,
indicating that theaflavins also suppressed viability of HCC
cells in a time-dependent manner (Figure 1B). The IC values
(half-maximal inhibitory concentration) of theaflavins after
exposure to the drug for 48 hours were 44.01 and 41.58 pg/mL
for HCCLM3 and Huh-7 cells, respectively. However, this
suppressive effect was not observed in the normal human
liver cell line, LO2, at these treatment doses for both 24
and 48 hours (Figure 1A and B). To determine whether HCC
cell death induced by theaflavins involved apoptosis, flow cyto-
metric analyses with annexin V-propidium iodide staining were
performed. Theaflavins induced apoptosis in HCCLM3 and
Huh-7 cells after a 48-hour treatment (Figure 1C and D). Similar
results were observed in HepG2 cells with differential biological
and genetic characteristics (Figure S1A). Then, flow cytometric
analyses were performed to evaluate the effect of theaflavins
on cell cycle progression. There was no apparent change in the
distribution of the HCC cell cycle after treatment with theaflavins
(Figure 1E). Together, these data show that theaflavins inhibit
proliferation of HCC cells through the induction of apoptosis.

Theaflavins induce cell apoptosis in a

caspase-dependent manner

Theaflavins significantly increased the expression of
cleaved-caspase-9, cleaved-caspase-3, and cleaved-PARP
in a dose-dependent manner, and treatment with theaflavins
led to a dose-dependent decrease of pro-caspase-3 and
pro-PARP (Figure 2A). To explore the dependence of
theaflavin-induced apoptosis on the caspase pathway, HCC
cells were pretreated with a pan-caspase inhibitor, Z-VAD-
FMK (10 mmol/L), before treatment with theaflavins. The
pretreatment with Z-VAD-FMK partially reduced theaflavin-
induced apoptosis as determined by annexin V-propidium
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Figure | Theaflavins inhibit proliferation and induce apoptosis in HCC cells.
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Notes: (A) HCC and LO2 cells were treated with 0, 10, 20, 40, 60, or 80 ug/mL theaflavins for 24 hours, and cell viability was measured using the CCK-8 assay. (B) HCC and
LO2 cells were treated with 0, 10, 20,40, 60, or 80 pg/mL of theaflavins for 48 hours, and cell viability was measured using the CCK-8 assay. (C) A representative example of
apoptosis of HCCLM3 cells treated with 40 ug/mL of theaflavins for 48 hours. (D) Flow cytometry results of annexin V-Pl-stained HCC cells after exposure to 40 pg/mL of
theaflavins for 48 hours. (E) Histograms of the cell cycle distribution of HCC cells treated with 40 pg/mL of theaflavins for 48 hours. Data are expressed as the mean = SD

of three independent experiments. *P<<0.05.

Abbreviations: HCC, hepatocellular carcinoma; CCK-8, Cell Counting Kit-8; SD, standard deviation; Pl, propidium iodide; A, annexin; FITC-A, fluorescein isothiocyanate-A;

PI-A, propidium iodide-A; LO2, human normal liver cell.

iodide staining (Figure 2B). We next determined whether
Z-VAD-FMK suppressed theaflavin-induced activation
of caspase-3 using Western blotting. Theaflavin-induced
activation of caspase-3 was partially reversed by pretreat-
ment with Z-VAD-FMK (Figure 2C). These data showed
that theaflavins induce apoptosis in HCC cells, partially in

a caspase-dependent manner in vitro.

Theaflavins inhibit the migration and

invasion abilities of HCC cells in vitro

We next detected the effect of theaflavins on cell migration using
awound-healing assay, which measured the rate of cell migration
into the area of injury created by a sharp object. A slower closure
of the scratched “wound” was observed in theaflavin-treated
group compared with the control group (Figure 3A and B).
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Figure 2 Theaflavins induce cell apoptosis in a caspase-dependent manner.

Notes: (A) Lysates from HCC cells treated with 0, 40, or 60 ug/mL of theaflavins for 48 hours were probed for cleaved-caspase-9, pro-caspase-3, cleaved-caspase-3,
pro-PARP, and cleaved-PARP by Western blotting. (B) Changes in histograms of the apoptotic rate from HCC cells treated with PBS, theaflavins, and theaflavins in
combination with the pan-caspase inhibitor (Z-VAD-FMK). (C) Changes in the expression of cleaved-caspase-3 from HCC cells treated with PBS, theaflavins, and theaflavins
in combination with pan-caspase inhibitor (Z-VAD-FMK). Data are expressed as the mean + SD of three independent experiments. *P<<0.05.

Abbreviations: HCC, hepatocellular carcinoma; PBS, phosphate-buffered saline; SD, standard deviation; PARP, poly (ADP-ribose) polymerase; GAPDH, glyceraldehyde
3-phosphate dehydrogenase.
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Figure 3 Theaflavins inhibit the migration and invasion abilities of HCC cells in vitro.

Notes: (A) Representative images of cell migration using a wound-healing assay after treatment with 20 pg/mL of theaflavins. Scale bar =50 um. (B) The wound closure
was quantified at 36 hours post-wounding by measuring the migrated area. Image] was used to quantify the wound closure. (C) The number of invaded cells was counted
after pretreatment with theaflavins for 24 hours. (D) Representative images of the invasion assay for HCC cells after pretreatment with theaflavins for 24 hours. Scale
bar =100 um. Data are expressed as the mean £ SD of three independent experiments. *P<<0.05.

Abbreviations: HCC, hepatocellular carcinoma; SD, standard deviation; con, control.
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A Matrigel®-coated Transwell® assay was then used to inves-
tigate the effect of theaflavins on the invasive abilities of HCC
cells. The invasive abilities of HCCLM3 and Huh-7 cells
were significantly suppressed after treatment with theaflavins
(Figure 3C and D). Similar results were observed in HepG2
cells (Figure S1B).

Theaflavins inhibit constitutive and
inducible STAT3 phosphorylation
and downregulate the expression of

apoptosis- and invasion-related proteins
in HCC cells

To further evaluate the effect of theaflavins on the apoptosis
and invasion of HCC cells, several signal pathways related
to the growth and metastasis of HCC were investigated by
detecting the expression of STAT3, p-STAT3, AKT, p-AKT,
ERK, and p-ERK. Theaflavins showed no effect on the
expressions of ERK and p-ERK (data not shown) and a slight
effect on the expression of p-AKT (Figure 4A). However,
the expression of p-STAT3 was apparently decreased
after treatment with theaflavins (Figure 4A). Theaflavins
also downregulated the STAT3-regulated gene products,
including antiapoptotic proteins (Bcl-2 and Survivin) and
invasion-related proteins (MMP-2 and MMP-9) (Figure 4A).
We then determined whether theaflavins could suppress
IL-6-induced STAT3 phosphorylation in HCC cells. HCC
cells were pretreated with theaflavins for 24 hours and then
stimulated with IL-6 (10 ng/mL) for 2 hours. IL-6-induced
STAT3 phosphorylation was partially reversed by theaflavins
(Figure 4B). To further confirm the effects of theaflavins on
apoptosis and invasion of HCC cells, HCCLM3 cells were
treated with theaflavins and a STAT3-specific inhibitor (NSC
74859). NSC 74859 enhanced the effects of theaflavins on
apoptosis and invasion of HCC cells (Figure 4C and D).
Together, these results suggest that the STAT3 pathway is
likely an important target of theaflavins in HCC cells.

Theaflavins inhibit tumor growth and

metastasis of HCC in vivo

We established an orthotopic model using HCCLM3 cells to
determine the effects of theaflavins on HCC growth in vivo.
Compared with the control group, treatment with theaflavins
resulted in a significant decrease in tumor size (Figure 5A).
We further evaluated the effect of theaflavins on the expres-
sion of Ki-67 (a marker of proliferation) in HCC tumor tissues
by immunohistochemical analyses and found that theaflavins
significantly decreased the number of Ki-67-positive tumor
cells, compared with the control group (Figure 5B). We then

performed terminal deoxynucleotidyl transferase dUTP nick
end-labeling assays to detect the effect of theaflavins on apop-
tosis in vivo and found that theaflavins significantly increased
the number of apoptotic cells in tumor tissues, compared
with the control group (Figure 5C). The effects of theaflavins
on the metastatic ability of HCC were determined in vivo by
injecting HCCLM3 cells into the tail vein of nude mice to
establish a lung metastasis model. Necropsy after 6 weeks
revealed that the theaflavin-treated group had less and smaller
lung metastases, compared with the control group (Figure 5D).
Furthermore, we detected the expression of tumor-related pro-
teins in nude mice by using Western blotting, and the results
were consistent with in vitro data (Figure S5E). In summary,
these results showed the ability of theaflavins to suppress
tumor growth and metastasis of HCC in vivo.

Discussion

The main goal of this study was to investigate whether
theaflavins exert antitumor effects on HCC. We showed that
theaflavins inhibited proliferation, migration, and invasion,
and induced apoptosis in HCC in vitro and in vivo. The
underlying mechanisms may be, at least in part, due to the
inhibition of STAT3 activation and downregulation of its
gene products.

Black tea is one of the most popular beverages in the
world and has been reported to possess antitumor activity
in various cancers.!” Theaflavins, the major black tea poly-
phenols, are thought to exhibit antitumor effects due to their
ability to suppress proliferation and/or induce cell cycle
arrest and apoptosis through diverse mechanisms. In human
prostate carcinoma PC-3 cells, theaflavins induced G2/M
arrest by modulating expression of p21wafl/cipl, cdc25C,
and cyclin B.? Additionally, a recent study reported that
theaflavins target Fas/caspase-8 and Akt/Bad pathways to
induce apoptosis in p53-mutated human breast cancer cells. '
In our study, theaflavins inhibited proliferation and promoted
apoptosis in HCC in vitro but showed no apparent effect
on the cell cycle. Furthermore, theaflavins did not decrease
the viability of the normal liver cell line, LO2, suggesting
that they are compounds that specifically inhibit the prolif-
eration of HCC with negligible side effects. Biochemically,
theaflavins increase the expression of cleaved-caspase-3,
cleaved-caspase-9, and cleaved-PARP, which are critical
factors in the caspase pathway. More importantly, a pan-
caspase inhibitor (Z-VAD-FMK) can reverse the effects
of theaflavins on apoptosis and the expression of cleaved-
caspase-3 in HCC cells.

The IL-6/STAT3 pathway plays an important role in
human cancers.'® STAT3 can be activated by the IL-6 cytokine
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Figure 4 Theaflavins inhibit constitutive and inducible STAT3 phosphorylation, and downregulate the expression of antiapoptotic and invasion-related proteins in
HCC cells.

Notes: (A) Lysates from HCC cells treated with 0, 20, or 40 pg/mL of theaflavins for 48 hours were probed for the antiapoptotic proteins by Western blotting.
(B) Theaflavins reduced IL-6-induced STAT3 phosphorylation in HCC cells as shown by the Western blotting. (C) HCCLM3 cells were treated with theaflavins (40 pg/mL)
and NSC 74859 (50 uM) for 48 hours, and cell apoptosis was determined using a flow cytometry assay. (D) HCCLM3 cells were treated with theaflavins (40 ug/mL) and
NSC 74859 (50 uM) for 48 hours, and the number of invaded cells was determined using an invasion assay. Data are expressed as the mean * SD of three independent
experiments. *P<0.05.

Abbreviations: HCC, hepatocellular carcinoma; SD, standard deviation; STAT3, signal transducer and activator of transcription 3; GAPDH, glyceraldehyde 3-phosphate

dehydrogenase; IL, interleukin.

and leptin as well as other growth factors, including epidermal
growth factor receptor and platelet-derived growth factor
receptor through tyrosine phosphorylation.'® After dimerization,
STATS3 translocates into the nucleus where it activates the
transcription of its target genes by binding to promoter
sequences.?*?! Many target genes of STAT3 play critical
roles in the growth and metastasis of various tumors.?>* In

addition, accumulating data suggest that aberrant expres-
sion of STAT3 signaling results in the progression of HCC,
with STAT3 inhibitors having antitumor effects on HCC.?>-3¢
We therefore propose that STAT3 can be a therapeutic target
for HCC treatment. When we tried to find the specific mecha-
nism by which theaflavins inhibit the growth and metastasis
of HCC, several signal pathways related to the growth and
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Figure 5 Theaflavins inhibit tumor growth and metastasis of HCC in vivo.

Notes: (A) Representative images of gross specimens. Tumor volumes were detected in each group (n=6). (B) Immunohistochemical analysis of Ki-67 for cell proliferation.
Ki-67-positive cells were quantitated. Scale bar =100 pm. (€) TUNEL analysis of apoptotic cells. Results are expressed as the apoptosis index. Scale bar =100 pm.
(D) Representative images of gross specimens and hematoxylin and eosin staining of lung tissue samples. The number of metastatic lung foci was detected in each group.
Black scale bar =50 pum. Red scale bar =0.5 cm. (E) Indicated proteins were detected using Western blotting of tumor samples. Data are expressed as the mean * SD of

three independent experiments. *P<<0.05.

Abbreviations: HCC, hepatocellular carcinoma; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; SD, standard deviation; con, control; HE, hematoxylin
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metastasis of HCC were investigated by detecting the expres-
sions of STAT3, p-STAT3, AKT, p-AKT, ERK, and p-ERK.
Theaflavins reduced the expression of p-AKT but to a less
extent. Theaflavins showed no effect on the expressions
of ERK and p-ERK. Previous studies have reported that
theaflavins exhibit antitumor activity by inhibiting the phos-
phatidylinositol-3-kinase/protein kinase B and ERK signal
pathways.!%3! The reason for the contradictory conclusions
may be that theaflavins exhibit antitumor activity in a context-
dependent manner. Notably, the expression of p-STAT3 was
significantly decreased after theaflavins treatment. Concur-
rently, theaflavins reduced the expression of downstream pro-
teins regulated by STAT3, such as Bcl-2, Survivin, MMP-2,
and MMP-9. We therefore conclude that the inhibitory effects
of theaflavins on HCC can mainly be attributed to theaflavin-
induced blockage of the STAT3 pathway.

Previous studies reported the antitumor activity of
theaflavins using in vitro experiments.!®'? In this study, an
orthotopic model and a lung metastasis model of HCC were
established in addition to an in vitro cell model. The results
showed that theaflavins inhibited proliferation and induced
apoptosis in tumor tissues (associated with less Ki-67
immunostaining and a larger number of apoptotic cells).
Additionally, the theaflavin-treated group showed less and
smaller lung metastases, compared with the control group.
Similar to the in vitro study, theaflavins could also inhibit
the activation of the STAT3 pathway in vivo. These in vivo
data further support the hypothesis that the antitumor effects
of theaflavins on HCC are mediated by the suppression of
STAT3 activation.

Conclusion

We have shown that theaflavins potently inhibit constitutive
and IL-6-inducible STAT3 activation, which may lead to the
suppression of growth and metastasis of HCC. Although the
role of theaflavins in HCC still needs to be demonstrated in
clinical trials, we propose that theaflavins may be a potential
agent for prevention and therapy of HCC.
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Figure S| Theaflavins promote apoptosis and inhibit the invasion abilities of HepG2 cells in vitro.

Notes: (A) Flow cytometry results of annexin V-Pl-stained HepG2 cells after exposure to 40 pug/mL of theaflavins for 48 hours. (B) The number of invaded cells was counted
after pretreatment with theaflavins for 24 hours. Data are expressed as the mean £ SD of three independent experiments. *P<<0.05.

Abbreviations: SD, standard deviation; Pl, propidium iodide.
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