Arch Toxicol (2018) 92:241-257
https://doi.org/10.1007/s00204-017-2021-y

CrossMark

@

MOLECULAR TOXICOLOGY

Regulation of SIRT1/AMPK axis is critically involved
in gallotannin-induced senescence and impaired autophagy
leading to cell death in hepatocellular carcinoma cells

Hee Young Kwon! - Ju-Ha Kim' - Bonglee Kim! - Sanjay K. SrivastavaZ -

Sung-Hoon Kim!

Received: 14 February 2017 / Accepted: 28 June 2017 / Published online: 4 July 2017

© Springer-Verlag GmbH Germany 2017

Abstract Hepatocellular carcinoma (HCC) is one of the
most fatal malignancies with high mortality worldwide.
Here the underlying antitumor mechanism of gallotan-
nin was elucidated in HCC cells. Gallotannin suppressed
viability and colony formation, increased subG,; portion
and also induced senescence via upregulation of p21, Gy/
G, arrest and higher SA-B-gal activity in HepG2 and SK-
Hepl cells. However, pan-caspase inhibitor Z-VAD-FMK
reversed the ability of gallotannin to activate caspase 3 at
48 h after treatment in two HCC cells. Of note, gallotan-
nin also induced autophagic features by increasing LC3
punctae, LC3B-II conversion, autophagic vacuoles and
decreasing the expression of Beclinl in two HCC cells.
Furthermore, autophagy flux assay using GFP-mRFP-
LC3 plasmid revealed increased yellowish color and late
autophagy inhibitor CQ or NH,CI enhanced cytotoxic-
ity, LC3B-II conversion, and LC3 punctae in gallotan-
nin-treated HepG2 and SK-Hepl cells compared to early
autophagy inhibitor 3-MA or wortmannin. Interestingly,
gallotannin attenuated the expression of SIRT1 and mTOR
and activated phosphorylation of AMPK in two HCC
cells. Furthermore, AMPK activator AICAR significantly
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enhanced SA-f-gal activity and antiproliferation induced
by gallotannin, while AMPK inhibitor compound C did
not in two HCC cells. Consistently, LC3B-II conversion by
gallotannin was not shown in AMPKal~"~ MEF cells com-
pared to WT AMPK** MEF cells. Consistently, gallotan-
nin reduced in vivo growth of HepG2 cells implanted in
NCr nude mice along with decreased expression of PCNA
and SIRT1 and increased AMPKal and TUNEL. Overall,
these findings highlight evidence that regulation of SIRT1/
AMPK is critically involved in gallotannin-induced senes-
cence and impaired autophagy leading to cell death in HCC
cells.
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Abbreviations

p62/SQSTM1 p62 sequestosome 1

Gal Gallotannin

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide

HCC Human hepatocellular carcinoma

HepG2 Human epithelial hepatocellular
carcinoma

SK-Hepl Human epithelial hepatic adenocarcinoma

MEF Mouse embryo fibroblast

CQ Chloroquine

NH,CI Ammoniun chloride

AICAR 5-Aminoimidazole-4-carboxamide
ribonucleotide

Com. C Compound C

LC3 Microtubule-associated protein 1 light
chain 3

LC3-1 Soluble unlipidated form of LC3

LC3-1II LC3—-phospholipid conjugate
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AMPK AMP-activated protein kinase

DAPI 4',6-Diamidino-2-phenylindole

FITC Fluorescein isothiocyanate

GFP/RFP Green fluorescent protein/red fluorescent
protein

SIRT1 NAD-dependent deacetylase sirtuin-1

Caspase Cysteine aspartyl-specific protease

3-MA 3-Methyladenine

SA-B-gal Senescence-associated 3-galactosidase

TEM Transmission electron microscopy

TUNEL Terminal deoxynucleotidyl transferase
dUTP nick end labeling

Introduction

Hepatocellular carcinoma (HCC) is one of the most intrac-
table tumors with high mortality worldwide. Five-year
overall survival rate of HCC is significantly lower than that
of the other cancers (Baffy et al. 2012; Flores and Mar-
rero 2014). Furthermore, recently anticancer phytochemi-
cals including sulforaphane (Chi et al. 2015), luteolin
(Ding et al. 2014), resveratrol (Tang et al. 2013), querce-
tin (Casella et al. 2014), berberine (Yip and Ho 2013),
decursin (Kim et al. 2016), 1,2,3,4,6-penta-O-galloyl-beta-
D-glucose (PGG) (Oh et al. 2001), curcumin (Marquardt
et al. 2015), genistein (Dai et al. 2015), and cryptotan-
shinone (Park et al. 2014) are attractive with less toxicity,
since several anticancer drugs, which have been used for
HCC therapy, showed side effects of toxicity, recurrence,
and resistance(Berk et al. 2013; Wei et al. 2009).

Cellular senescence is categorized into replicative senes-
cence and stress-induced premature senescence (SIPS)
with features of p21 upregulation, enlarged and flattened
cell morphology, and increased senescence-associated
p-galactosidase (SA-f-gal) activity (Pietrocola et al. 2013;
Raghuram and Mishra 2014; Zhao and Darzynkiewicz
2014). In addition, the senescence induction is another
target for cancer therapy, since therapy-induced cellular
senescence suppresses the proliferation of cancer cells as
an important tumor suppressor mechanism (Asfour et al.
1990; Gewirtz 2013; Ghosh and Zhou 2015; Sabin and
Anderson 2011; Wang et al. 2011; Yang et al. 2013; Zu
et al. 2010).

Autophagy is the catabolic process for the recycling of
macromolecules and the degradation of long-lived pro-
teins, pathogens, damaged DNA elements, and damaged
organelles activated especially during metabolic stress
conditions such as nutrient deprivation or chemotherapy
(Gewirtz 2014; Klionsky et al. 2012; Sharma et al. 2014).
Growing evidences have demonstrated that autophagy
can exert either survival or death in cancer cells. In terms
of survival mechanism of autophagy, once autophagy
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response is induced, the entire autophagic flux is completed
in progress and then the homeostasis of the cell is main-
tained (Dong et al. 2014; Puissant et al. 2010; Vucicevic
et al. 2011; Zhao et al. 2013; Zhou et al. 2012). In contrast,
impaired autophagy by blocking the fusion of autophago-
some and lysosome rather induces cell death, because the
energy consumption is too high to survive in the process
(Feng et al. 2014; Gali-Muhtasib et al. 2015; Lao et al.
2014; Marino et al. 2014; Mizushima et al. 2010; Singh
et al. 2014; Tang et al. 2013; Wang et al. 2013).

It is well documented that AMPK plays a pivotal role in
senescence, autophagy, and apoptosis in cancer cells (Guo
et al. 2012; Lee et al. 2012; Park et al. 2014; Puissant et al.
2010; Vucicevic et al. 2011; Wang et al. 2011; Wu et al.
2011). In addition, SIRT1, a type of protein deacetylase,
is closely associated with the survival, metabolic homeo-
stasis, aging, cancer metabolism, and inflammation. Since
SIRT1 is overexpressed in prostate, ovary, stomach, colon,
and liver cancers, suppression of SIRT1 is a key target to
inhibit tumor growth, induce cell cycle arrest and apoptosis
in various cancer cells (Bae et al. 2014; Canto et al. 2010;
Ghosh and Zhou 2015; Hou et al. 2008; Zu et al. 2010).

Gallotannin, one of hydrolysable tannic acids derived
from Rhus javanica, was reported to have anti-inflamma-
tory, antioxidant, and anticancer effects in colon, breast,
and prostate cancers (Al-Ayyoubi and Gali-Muhtasib 2007,
Al-Halabi et al. 2015; Park et al. 2015; Zhao et al. 2014).
Nevertheless, its underlying antitumor mechanism is not
fully understood in liver cancer. Thus, in the current study,
the anticancer mechanism of gallotannin was elucidated in
HepG2 and SK-Hepl HCC cells in association with senes-
cence, proliferation, autophagy, and apoptosis via regula-
tion of SIRT1/AMPK signaling in vitro and in vivo.

Materials and methods
Chemicals and reagents

Gallotannin (tannic acid, T0200, Fig. la) was purchased
from Sigma-Aldrich (St Louis, MO, USA). 3-Methylad-
enine (3-MA, M9281), wortmannin (W1628), chloroquine
(CQ, 50-63-5), ammonium chloride (NH,CI, A9434) ribo-
nuclease A (R6513) and MG132 (C2211) were purchased
from Sigma-Aldrich. X-tremeGENE HP DNA transfection
reagent (06 366 236 001) was purchased from Roche (Man-
nheim, Germany). DC Protein Assay Kit II (500-0113) was
purchased from Bio-Rad (Hercules, CA, USA). ECL West-
ern blotting detection reagent (RPN2209) was purchased
from GE Healthcare (Buckinghamshire, UK). Senescence
[-galactosidase staining kit (9860) and AICAR (9944)
were purchased from Cell Signaling Technology (Beverly,
MA, USA). Histological mounting medium (Histomount,
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1330-20-7) was purchased from National Diagnostics
(Atlanta, USA). Compound C (171261) and pan-caspase
inhibitor (627610) were purchased from Calbiochem (Hes-
sen, Germany). Other chemical reagents were obtained
from Sigma-Aldrich.

Antibodies

Antibodies for Beclin 1 (3495, 1:2000 dilution), p62/
SQSTMI1 (5114, 1:2000 dilution), LC3B (3868, 1:2000
dilution), p21(2947, 1:2000 dilution), p-mTOR (2971,
1:2000 dilution), mTOR (2972, 1:2000 dilution), phospho-
AMPKal (2535, Thr!™ 1:500 dilution), AMPKal (2532,
1:2000 dilution), cleaved caspase 3 (9664, 1:1000 dilution),
and fB-actin (4967, 1:5000 dilution) were purchased from
Cell Signaling Technology (Beverly, MA, USA). Antibod-
ies for PARP (SC-7150, 1:2000 dilution), Caspase 3 (SC-
7148, 1:2000 dilution), and Caspase 8 (SC-7890, 1:2000
dilution) were purchased from Santa Cruz Biotechnology
(CA, USA). SIRT1 (2273971, 1:2000 dilution) was pur-
chased from Millipore (MA, USA).

Plasmids

HisB-SIRT1 expression vector was kindly provided by
Prof. SW. Nam (Catholic University, Seoul, Korea) (Bae
et al. 2012). GFP-mRFP-LC3 plasmid were kindly pro-
vided by Prof. H. Hu (China Agricultural University, Bei-
jing, China) (Song et al. 2015).

Cell culture

HepG2 (ATCC® HB-8065™) and SK-Hepl (ATCC®
HTB-52™) cells were obtained from ATCC (American
Type Culture Collection) and maintained in DMEM sup-
plemented with 10% fetal bovine serum. AMPKal™* and
AMPKal™™ mouse embryonic fibroblast (MEF) cells were
provided by Prof. JH Ha (Kyung Hee University, Seoul,
Korea) and maintained in DMEM supplemented with 10%
FBS (fetal bovine serum). Dulbecco’s modified Eagle’s
medium (DMEM, LM 001-05) and fetal bovine serum
(FBS, PK004-07) were purchased from Welgene (GD,
Korea). The cells were kept in the medium at 37 °C in a
humidified atmosphere containing 5% CO, incubator.

Cytotoxicity assay

HepG2 or SK-Hepl cells were seeded onto 96-well micro-
plates at a density of 1 x 10* cells/well and incubated in
the absence or presence of various concentrations of gal-
lotannin for 24—72 h with or without 3-MA (3 mM), wort-
mannin (1 pM), chloroquine (CQ, 30 pM), and ammonium

chloride (NH,Cl, 10 mM) for 24 h. Cytotoxicity of gallo-
tannin in HCC cells was evaluated by 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-
Aldrich., St Louis, MO, USA) assay. After gallotannin
treatment, culture medium was discarded and 50 pl of MTT
solution (1 mg/ml) was added to each well and incubated
at 37 °C for 2 h. After incubation the optical density (O.
D.) was measured by microplate reader (Sunrise, TECAN,
Switzerland) at 570 nm. The cell viability was calcu-
lated by the following equation: cell viability (%) = [O.D.
(gallotannin) — O.D. (blank)]/[O.D. (control) — O.D.
(blank)] x 100.

Colony formation assay

To determine colony formation, HepG2 and SK-Hepl1 cells
at the exponential growth phase were harvested, seeded
at about 1 ~ 2 x 10 cells per well of a six-well plate and
cultured in complete medium supplemented with 10%
FBS at 37 °C in 5% CO, incubator for 24 h. The cells were
exposed to 40 uM gallotannin in the absence or presence of
3-MA (3 mM), wortmannin (1 puM), AICAR (1 mM), and
compound C (5 pM) for 24 h. Then the cells were cultured
in new complete medium for 12-14 days and finally rinsed
with PBS twice, fixed with 100% methanol for 30 min at
root temperature, and stained with 0.5% crystal violet for
1 h at room temperature. Stained cells were solubilized
with 1 ml of 1% SDS buffer at room temperature for 30 min
and 200 pl of the lysates were transferred onto the 96-well
plate. Then the optical density was measured using micro-
plate reader (Sunrise, TECAN, Mannedorf, Switzerland) at
590 nm wave length.

Cell cycle analysis

HepG2 and SK-Hepl cells were treated with gallotan-
nin for 6-72 h and fixed with 75% ethanol at —20 °C. The
fixed cells were washed twice with PBS and resuspended
in PBS-containing RNase A (1 mg/ml) and incubated for
1 h at 37 °C. Then the cells were stained with 500 pl of
propidium iodide (50 pg/ml) for 30 min at room tempera-
ture in the dark. Finally, the DNA contents of the stained
cells were analyzed using CellQuest Software with the
FACSCalibur flow cytometer (Becton—Dickinson, Franklin
Lakes, NJ, USA).

Senescence-associated f3-galactosidase (SA-p-gal)
staining

SA-p-gal staining was performed using senescence

[-galactosidase staining kit according to the manufacturer’s
protocol. Briefly, HepG2 and SK-Hepl cells were treated
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with or without gallotannin in the absence or presence of  overnight at 37 °C in the dark. After incubation, the cells
AICAR or compound C. The cells were washed with PBS ~ were observed and counted under a light microscope (Axio
twice, fixed for 15 min and incubated in staining mixture Observer Al, Carl Zeiss, Inc., USA).
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«Fig. 1 Gallotannin exhibits anti-proliferative activity and induces
senescence in HepG2 and SK-Hepl cells. a Chemical structure of
gallotannin (Empirical Formula: C,;¢Hs5,04, Molecular weight:
1701.2). b Cytotoxicity of gallotannin in HepG2 and SK-Hepl1 cells.
Cells were treated with gallotannin at the indicated concentrations
for 24, 48, and 72 h and cytotoxicity by MTT assay was presented as
means + SD. ¢ Effect of gallotannin on colony formation of HepG2
and SK-Hepl cells. Following treatment of 40 uM gallotannin for
24 h, the cells were incubated in new fresh complete medium for
12-14 days and stained with 0.5% crystal violet. Stained cells were
solubilized with 1% SDS buffer to measure the optical density. Rela-
tive percentages of clonogenic cells were represented as means + SD
of three independent experiments, ***p < 0.001 vs control by Stu-
dent’s ¢ test. d Gy/G, arrest was increased by gallotannin in HepG2
and SK-Hepl1 cells. Cells were treated with indicated concentrations
of gallotannin for indicated times. After fixation with 75% ethanol,
cells were stained with PI (propidium iodide, 50 ug/ml) and then
cell cycle was analyzed using flow cytometry. Data were repre-
sented as means + SD of three independent experiments. **p < 0.01,
*#%p < 0.001 vs. untreated control by Student’s ¢ test (for two group
comparison) or one-way ANOVA. e Effect of gallotannin on the
expression of p21 in HepG2 and SK-Hepl cells in a time course. The
cells were treated with 40 uM gallotannin for indicated times. The
cell lysates were separated on 12% SDS-PAGE gels, transferred to
Hybond ECL membrane, and probed with anti-p21 antibody. Mem-
branes were probed with an anti-$-actin antibody as a loading control.
Image J densitometric analysis of the p21/p-actin ratio was shown.
f SA-p-galactosidase-positive cells were increased in gallotannin-
treated HepG2 and SK-Hepl cells. The SA-f-galactosidase-positive
cells were counted and presented as relative values of the total cells in
HepG2 and SK-Hepl cells. (means + SD of three independent exper-
iments, *p < 0.05, **p < 0.01, ***p < 0.001 vs. untreated control
by Student’s 7 test). g Gallotannin-induced weak apoptosis through a
caspase-dependent pathway in HepG2 and SK-Hepl cells. Cells were
treated with 40 pM gallotannin for 24, 48, and 72 h. After treatment,
the cell lysates were subjected to Western blotting with anti-PARP,
anti-procaspase 3, and anti-procaspase 8 as apoptosis-related proteins.
Protein contents were normalized by probing the same membrane
with an anti-p-actin antibody. h Effect of pan-caspase inhibitor on
caspase 3/8 in gallotannin-treated HepG2 cells. Cells were pretreated
with pan-caspase inhibitor (10 and 20 pM) for 2 h and then exposed
to 40 pM gallotannin for 48 h. After treatment, the cell lysates were
subjected to Western blotting with indicated proteins

Western blot analysis

HepG2 and SK-Hepl cells were washed twice with cold
PBS on ice and harvested. The cells were pelleted by cen-
trifugation at 4 °C and resuspended directly into a lysis
buffer (50 mM Tris—-HCI, pH 7.4, 150 mM NaCl, 1% Tri-
ton X-100, 0.1% SDS, 1 mM EDTA, 1 mM Na;VO,, | mM
NaF, protease inhibitor cocktail). Cell lysates were sub-
jected to SDS-PAGE and transferred to a nitrocellulose
membrane. After blocking in 5% skim milk and washing
with Tris-buffered saline-0.1% Tween-20 (TBS-T), the
membranes were immunoblotted with antibodies against
p21, LC3B, p62/SQSTMI, Beclinl, SIRT1, p-mTOR,
mTOR, p-AMPKal (Thr!’?), AMPKal, PARP, caspase
8, and caspase 3. PB-Actin protein was immunoblotted to
normalize the quantity of sample protein. Signals were
detected by Konica photoconductor (SRX-101A, Konica

Minolta) and densitometric analysis was performed using
ImageJ software.

Transfection assay

HepG2 and SK-Hepl cells were transfected with
HisB-SIRT1 overexpression vector or GFP-mRFP-LC3
construct using the X-tremeGENE HP DNA transfection
reagent according to the manufacturer’s protocol. One day
after transfection, the cells were treated with or without
gallotannin for 24 h.

Immunofluorescence assay

HepG2 and SK-Hepl1 cells were grown on Lab-Tek cham-
ber slide (Nunc, Rochesta) to 70% confluency. The cells
were fixed in 3.7% formaldehyde in PBS for 15 min at room
temperature and permeabilized with 0.2% Triton X-100 in
PBS for 10 min and blocked with 1% BSA in PBS for 1 h.
The fixed cells were incubated overnight with anti-LC3
primary antibody, and then washed in PBS and incubated
with Alexa Fluor® 568-conjugated anti-rabbit IgG anti-
body (Molecular Probes, Oregon) for 1 h. The cells were
then stained with 0.5 mg/ml of DAPI to visualize nuclei,
mounted on glass slides and observed with an LSM510
confocal laser microscope (Carl Zeiss, Oberkochen,
Germany).

Autophagic flux assay

HepG2 and SK-Hepl cells were transfected with
GFP-mRFP-LC3 construct using X-treme GENE HP
DNA transfection reagent. After gallotannin treatment, the
cells were washed twice in ice-cold PBS, fixed, mounted
with Histological Mounting Medium (Histomount, USA)
and observed with LSMS510 confocal laser microscope
(Carl Zeiss, Germany).

Transmission electron microscopy (TEM) observation

HepG2 cells were harvested by trypsinization, fixed in
2% paraformaldehyde—glutaraldehyde in 0.1 M phosphate
buffer (pH 7.4) and washed in 0.1 M phosphate buffer
(PB). Then the cells were fixed with 1% OsO, dissolved in
0.1 M PB for 2 h, dehydrated in ascending gradual series
(50-100%) of ethanol and infiltrated with propylene oxide.
Specimens were embedded by Poly/Bed 812 kit (Poly-
sciences). After pure fresh resin embedding and polymeri-
zation at 65 °C electron microscope oven (TD-700, DOS-
AKA, Japan) for 24 h. Sections at about 200-250 nm thick
were stained with toluidine blue (sigma, T3260) and dou-
ble stained with 6% uranyl acetate (EMS, for 20 min) and
lead citrate (Fisher, for 10 min) for contrast staining. The
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sections were cut by LEICA EM UC-7 (Leica Microsys-
tems, Austria) with a diamond knife (Diatome) and trans-
ferred on copper and nickel grids. All the thin sections were
observed by TEM (JEM-1011, Japan) at the acceleration
voltage of 80 kV and camera-Megaview III (Soft imaging
system-Germany).

Xenograft tumor model

Six-week-old male NCr (CrTac:NCr-FoxnlI™) nude
mice (25 + 3 g) were purchased from Nara Biotech Co.
(Seoul, Korea) and housed in animal facility at 23 + 2 °C
and 60 + 10% humidity under light-controlled (12 h,
07:00-19:00) environment. All materials including bed-
ding and feed were sterilely cleaned by UV rays for 15 min
before treatment to the mice. The experiments were con-
ducted in accordance with the guidelines approved by Insti-
tutional Animal Care and Use Committee, Kyung Hee Uni-
versity (KHUASP(SE)-11-024). After adaptation, HepG2
cells (5 x 10° were subcutaneously injected into right
flank of NCR nude mice. Twenty days later, mice were sub-
divided into three groups: control (PBS; n = 8), T1 (gal-
lotannin, 10 mg/kg; n = 7), and T2 (gallotannin, 20 mg/
kg; n = 7) groups. The mice were intraperitoneally injected
by PBS or gallotannin 3 times a week for 15 days and the
mice were killed and tumors were collected at 36 days
after HepG2 cell inoculation. Tumor size was measured
2-3 times a week using a caliper and the tumor volume
was monitored by the formulation of AB*2 (A is the longer
dimension and B is the smaller dimension).

Immunohistochemistry and TUNEL assay using tumor
tissues

Immunohistochemistry (IHC) was performed using the
indirect  avidin-biotin-enhanced  horseradish-peroxide
method as previously described (Jung et al. 2015). Briefly,
paraffin sections were deparaffinized with xylene and dehy-
drated with an increasing series of ethanol. After depar-
affinization, dehydration, endogenous peroxidase blocking
and antigen retrieval, specimens were incubated overnight
at 4 °C with antibodies of PCNA (1:150), SIRT1 (1:150),
and p-AMPKal (Thr!”%, 1:150) in a humidity chamber.
The sections were washed with PBS and incubated with
biotinylated goat anti-rabbit (1:200, Vector Laboratories,
Burlingame, CA, USA) or biotinylated rabbit anti-rat IgG
(1:200, Abcam, Boston, MA, USA) for 40 min in a humid-
ity chamber. After further washes, the target antibodies
including PCNA, pAMPKal, and SIRT1 were detected
with the vector ABC complex/horseradish peroxidase
(HRP) kit (Vector Laboratories, Burlingame, CA, USA),
developed with 3,3'-diaminobenzidine (DAB substrate kit
for peroxidase, SK-4100, Vector Laboratories, Burlingame,
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CA, USA) and observed with microscope (LEICA DM
2500, Germany). To avoid false-negative and false-posi-
tive results, all processes such as fixation, processing, and
molecular assays were identically conducted for the slides
tested and IHC results were scored blinded to the source of
the HRP conjugate. For semiquantitation, the positive cells
for PCNA, SIRTI1, and p-AMPKal were counted from
at least total 165 cells in a photo (200x) obtained with a
CCD camera. The quantification of immunostained cells
was presented as a percentage of [No. of positive cells/No.
of total cells] x 100. In addition, TUNEL assay was per-
formed using tumor tissues from the mice and apoptosis
was detected to count TUNEL-positive green fluorescent
cells from at least total 280 cells per photo using in situ
Cell Death Detection kit according to the manufacturer’s
instructions (11 684 795 910, Roche, Mannheim, Ger-
many) by confocal microscope (FLUOVIEW, FV10C-W,
Tokyo, Japan).

Statistical analysis

The results were expressed as mean + SD or median + SEM
from at least three independent experiments. Student’s ¢ test
was performed for two group comparisons. In addition,
the one-way analysis of variance (ANOVA) followed by a
Turkey post hoc test was conducted for multi-group com-
parison using GraphPad Prism software (Version 5.0, Cali-
fornia, USA). Significant difference was considered if the p
value was less than 0.05.

Results

Gallotannin exhibited anti-proliferative activity
and induced senescence through p21 upregulation
and G/G, arrest in HepG2 and SK-Hepl1 cells

To assess the effect of gallotannin (Fig. 1a) on the via-
bility and proliferation of HCC cells, MTT assay and
colony formation assay were performed. As shown in
Fig. 1b, gallotannin exerted cytotoxicity in a time-depend-
ent (24-72 h) and concentration-dependent manner in
HepG2 and SK-Hepl cells with ICy, values of over 150
and 70 uM, respectively. In addition, 40 uM of gallotan-
nin treatment for 12-14 days potently suppressed long-
term proliferative activity of HepG2 and SK-Hepl cells
by colony formation assay (Fig. 1c). Consistently, gal-
lotannin significantly increased Gy/G, arrest in HepG2
and SK-Hepl cells (Fig. 1d) in a time- and concentration-
dependent fashion. However, p21 was upregulated at early
time points (6—12 h), but rapidly declined at later time
points (24-72 h) in gallotannin-treated HepG2 and SK-
Hepl cells (Fig. le). Furthermore, the number of SA-f
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Fig. 2 Autophagic response was initiated by gallotannin in HepG2
and SK-Hepl cells. a, b Gallotannin promotes conversion of LC3-I
to LC3B-II in a concentration- and time-dependent fashion in HepG2
and SK-Hepl cells. Cells were treated at indicated concentrations of
gallotannin for indicated times and the expression of LC3B and Bec-
linl was detected by Western blotting. Quantification of LC3B-II or
Beclin 1 relative to B-actin in gallotannin-treated HepG2 and SK-
Hepl cells was presented by Image J densitometric analysis. ¢ Effect
of gallotannin on LC3 punctation of HepG2 and SK-Hepl1 cells. For
immunostaining, cells were grown on chamber slide and fixed. The
fixed cells were incubated overnight with anti-LC3 B primary anti-
body and then incubated with Alexa Fluor®568-conjugated anti-
rabbit IgG antibody. The cells were stained with 0.5 mg/ml of DAPI

to visualize nuclei. LC3 puncta was observed under confocal laser
microscope (x400 and x600). d TEM picture of gallotannin-treated
HepG2 cells. The number of autophagic vesicles (red arrows) was
increased by gallotannin treatment and the formation of autophago-
some was inhibited by 3-MA treatment. Lower panel is the enlarged
image in the black frame. Red arrows indicate autophagic vesi-
cles. Scale bar regular image: 5000 nm, enlarge image: 2000 nm. e
Effect of 3-MA on gallotannin-mediated early autophagic response in
HepG2 and SK-Hepl cells. Cells were incubated with 40 uM gallo-
tannin and/or 3-MA for 24 h. LC3B expression was detected by West-
ern blotting. B-Actin was used as a loading control. Quantification of
LC3B-II relative to B-actin was presented by Image J densitometric
analysis (color figure online)
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galactosidase-positive cells was significantly increased in
gallotannin-treated HepG2 and SK-Hepl cells by SA-p
galactosidase (SA-P-gal) assay widely used for senescence
experiment (Barth et al. 2010) (Fig. 1f). In addition, gal-
lotannin cleaved PARP and caspase 3, but attenuated the
expression of procaspase 8 from 24-h culture in HepG2

@ Springer

cells and from 48-h culture in SK-Hepl cells (Fig. 1g).
In contrast, gallotannin increased subG; population in a
time- and concentration-dependent fashion (Fig. S1). Fur-
thermore, pan-caspase inhibitor Z-VAD-FMK blocked
the ability of gallotannin to cleave PARP and caspase 3 in
HepG2 cells (Fig. 1h).
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«Fig. 3 Gallotannin induces impaired autophagy in HepG2 and SK-
Hepl cells. a, b Effect of autophagy inhibitors on cytotoxicity in
gallotannin-treated HepG2 and SK-Hep1 cells. Cytotoxicity of gallo-
tannin was evaluated in HepG2 and SK-Hepl cells in the presence or
absence of autophagy inhibitors (3-MA, wortmannin, CQ or NH,Cl)
by MTT assay. Data were represented as means + SD of three inde-
pendent experiments. **p < 0.01 and ***p < 0.001 vs. gallotannin
treatment by one-way ANOVA). ¢ and d Effect of CQ or NH,CI on
the expression of SIRT1 and LC3-BII in gallotannin-treated HepG2
and SK-Hepl cells. Cells were treated with gallotannin and/or late-
stage autophagy inhibitors (CQ or NH,Cl) for 24 h. The expression
of SIRT1 and LC3-B was visualized by Western blotting with the
antibodies SIRT1 and LC3B-II. e Effect of CQ on autophagosomal
LC3 puncta distribution in gallotannin-treated HepG2 and SK-Hepl
cells. HepG2 and SK-Hepl cells were transfected with GFP-mRFP—
LC3 construct and then exposed to 40 uM gallotannin and/or CQ
for 24 h. Then the merged color was observed in gallotannin- and/
or CQ-treated cells under the confocal laser microscope (X400 and
x600). Quantitative analysis of yellowish LC3 puncta was repre-
sented as mean + SD. ***p < 0.01 vs gallotannin treatment by one-
way ANOVA

Gallotannin induced impaired autophagy via inhibition
of autophagy flux in HepG2 and SK-Hepl1 cells

Autophagy is also closely associated with senescence
in cancers, since tumor cells tend to secrete factors that
promote senescence (Gewirtz 2014). The amount of
LC3B-II conversion is positively related to the forma-
tion of autophagosomes during autophagy (Dupont et al.
2014). As shown in Fig. 2a, gallotannin increased LC3B-
II conversion in a concentration-dependent manner and
also decreased Beclinl in HepG2 and SK-Hepl cells
(Fig. 2b). Consistently, immunofluorescence assay showed
the increased distribution of LC3 punctae compared to
untreated control in gallotannin-treated HepG2 and SK-
Hepl cells (Fig. 2c). Furthermore, gallotannin increased
the number of autophagosomes in HepG2 cells by TEM
observation, which was blocked by early-stage autophagy
inhibitor 3 methyladenine (3-MA) (Fig. 2d). In addition,
3-MA reduced LC3B-II conversion in gallotannin-treated
HepG2 and SK-Hepl cells (Fig. 2e). Consistently, early-
stage autophagy inhibitors including 3-MA and wortman-
nin did not affect colony formation and weakly enhanced
cytotoxicity in gallotannin-treated HepG2 and SK-Hepl
cells (Fig. 3a). In contrast, late-stage autophagy inhibitors
such as CQ and NH,Cl (ammonium chloride) enhanced
cytotoxicity (Fig. 3b), LC3B-II accumulation and downreg-
ulation of SIRT1 (Fig. 3c, d) in gallotannin-treated HepG2
and SK-Hepl cells.

Consistently, to confirm whether or not autophagic
flux is completed during gallotannin-induced autophagy,
autophagy flux assay was conducted in gallotannin-treated
HepG2 and SK-Hepl cells transfected by a tandem fluo-
rescent-tagged LC3 reporter plasmid (GFP-mRFP-LC3).
The yellow fluorescence for GFP-mRFP-LC3 puncta by

merging both green and red fluorescence in autophago-
somes indicates impaired autophagy, while red fluores-
cence for only the mRFP signal after fusion with lysosomes
implies complete autophagic flux (Klose et al. 2014; Piet-
rocola et al. 2013; Zhang et al. 2013). Here, as shown in
Fig. 3e, the number of yellow-colored LC3 puncta was
increased in gallotannin-treated HepG2 and SK-Hepl1 cells
compared to untreated control, which was enhanced by CQ.

Gallotannin suppressed the expression of SIRT1
and activated phosphorylation of AMPKal in HepG2
and SK-Hepl1 cells

To examine the roles of AMPK and SIRT1 in gallotannin-
induced senescence and cell death, Western blotting was
performed in gallotannin-treated HepG2 and SK-Hepl
cells. In the current study, gallotannin increased phospho-
rylation of AMPKal(Thr'7?) and decreased the expression
level of SIRT1 and p-mTOR in a concentration-dependent
fashion in HepG2 and SK-Hepl cells (Fig. 4a). In addi-
tion, gallotannin attenuated the expression of SIRTI in
HepG2 and SK-Hepl cells, but overexpression of SIRT1
blocked LC3B-II conversion in gallotannin-treated HepG2
and SK-Hepl cells. Interestingly, proteosomal inhibitor
MG132 reversed the ability of gallotannin to reduce the
expression of SIRT1 and accumulation of LC3B-II in gal-
lotannin-treated HepG2 and SK-Hepl cells (Fig. 4b, c). To
find out the correlation of SIRT1 and AMPKal in gallo-
tannin-treated cells, HepG2 cells were co-transfected with
HisB-SIRT1 and HA-AMPKal and then immunoprecipi-
tation was performed. As shown in Fig. 4d, the ectopically
expressed HA-AMPKal was immunoprecipitated with
HisB-tagged SIRT1, indicating the binding of SIRT1 and
AMPKal in HepG2 cells regardless of gallotannin treat-
ment. Furthermore, overexpression of SIRT1 blocked the
Gy/G, arrest (Fig. 4e) and anti-proliferative effect by col-
ony formation assay induced by gallotannin in HepG?2 cells
(Fig. 41).

Critical roles of AMPK and SIRT1

in gallotannin-induced senescence, inhibition

of proliferation and impaired autophagy in HepG2
and SK-Hepl1 cells

To test the role of AMPK in gallotannin-induced autophagy
and senescence in HCC cells, AMPK activator 5-amino-
imidazole-4-carboxamide ribonucleotide (AICAR) and
AMPK inhibitor compound C were used in HepG2 and
SK-Hepl cells. As shown in Fig. 5a, AICAR significantly
increased the number of SA-f galactosidase-positive cells
in gallotannin-treated HepG2 and SK-Hepl cells, while
compound C significantly reduced SA-f-gal-positive cells
in gallotannin-treated HepG2 and SK-Hep1 cells. Likewise,
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«Fig. 4 The pivotal role of SIRT1 in gallotannin-induced autophagy
and anti-proliferative activity in HepG2 and SK-Hepl cells. a Effect
of gallotannin on the expression of SIRT1 and phosphorylation
of AMPKal in HepG2 and SK-Hepl cells. Cells were treated with
indicated concentrations of gallotannin for 24 h. Then the whole
lysates were subjected to Western blotting with antibodies of SIRT1,
p-mTOR, mTOR, pAMPKal(Thr!’?), and AMPKal. b Effect of
SIRT1 overexpression on gallotannin-induced LC3B-II accumula-
tion in HepG2 and SK-Hepl cells. Cells were transfected with HisB—
SIRT1 plasmid and exposed to 40 pM gallotannin for 24 h. Then
the cell lysates were subjected to Western blotting with indicated
antibodies. ¢ Effect of proteosomal inhibitor MG132 on gallotannin-
induced LC3-II accumulation and SIRT1 stability in HepG2 and
SK-Hepl cells. Cells were transfected with HisB-SIRT1 plasmid
and exposed to 40 uM gallotannin for 24 h and/or MG132 (10 pM)
for 4 h before harvest. Then the cell lysates were subjected to West-
ern blotting with indicated antibodies. d Effect of gallotannin on the
binding between SIRT1 and AMPKal in HepG2 cells by immu-
noprecipitation. HepG2 cells were transfected with HisB-SIRT1
(2 pM) and HA-AMPKal (2 pM), and then exposed to gallotannin
(40 pM) for 24 h. The transfected cells were immunoprecipitated
with HisB-SIRT1 antibody for HisB—SIRT1 and HA—AMPKal and
then were subjected to Western blotting. e Effect of SIRT1 overex-
pression on gallotannin increased G/G, population in HepG2 cells.
Cell cycle analysis was conducted in HepG2 cells transfected with
HisB-SIRT1 for 24 h, and exposed to 40 pM gallotannin for 24 h.
Gy/G, arrest was represented as means + SD of three independent
experiments. *¥*p < 0.01 vs. control by one-way ANOVA. f Effect of
SIRT1 overexpression on gallotannin-induced anti-proliferative activ-
ity by clonogenic assay. HepG2 cells transfected with HisB—SIRT1
were cultured with or without 40 pM gallotannin for 24 h. Then the
cells were continuously incubated in new fresh complete medium for
12-14 days. Relative percentage of clonogenic cells were represented
as means + SD of three independent experiments, ***p < 0.001 vs
gallotannin treatment alone by one-way ANOVA

AICAR significantly reduced the number of clonogenic
cells, while compound C significantly increased the num-
ber of clonogenic cells in gallotannin-treated HepG2 and
SK-Hepl cells (Fig. 5b). As shown in Fig. 5c, the number
of autophagic vesicles induced by gallotannin was inhib-
ited by compound C using TEM observation in HepG2
cells. Consistently, compound C reversed AMPKal activa-
tion, LC3B-II accumulation and downregulation of SIRT1
induced by gallotannin in HepG2 and SK-Hepl cells
(Fig. 5d). Of note, decreased expression of SIRT1 and LC3-
II conversion by gallotannin was shown in AMPKal™'*
wild MEF cells, while there was no change by gallotannin
in AMPKal~'~ MEF cells (Fig. 5e).

Gallotannin attenuated the in vivo growth of HepG2
in a xenograft tumor model

To confirm in vitro anticancer effects of gallotannin, animal
study was conducted in HepG2 xenograft tumor model.
Gallotannin at the doses of 10 mg/kg (T1) and 20 mg/
kg (T2) was intraperitoneally injected into the mice three
times a week for 15 days from 20 days after HepG2 cells

were subcutaneously injected into the right flank of NCr
nude mice. Gallotannin significantly suppressed tumor
size (Fig. 6a, b) and reduced tumor volume by 1.9-2.3-
fold compared to PBS control group (Fig. 6¢) without any
body weight loss in mice. However, tumor weight was sig-
nificantly reduced only at 20 mg/kg (T2) compared to PBS-
treated control (Fig. 6d). In addition, immunohistochemis-
try for tumor tissues revealed the decreased expression of
PCNA for proliferation and SIRT1 for senescence and also
increased expression of p-AMPKal and TUNEL for apop-
tosis compared to PBS-treated control (Fig. 6e, f). Consist-
ently, Western blotting showed decreased expression level
of PCNA and SIRT1 and increased expression level of
p-AMPKal in gallotannin-treated group compared to PBS
control group (Fig. 6g).

Discussion

In the present study, the underlying antitumor mechanism
of gallotannin was elucidated in HepG2 and SK-Hepl HCC
cells and mice in association with SIRT1 and AMPK sign-
aling pathways. Here gallotannin increased cytotoxicity and
sub-G; population and also reduced long-term colony for-
mation in HepG2 and SK-Hepl cells, indicating the pos-
sibility of programmed cell death by gallotannin in HCCs.
However, pan-caspase inhibitor Z-VAD-FMK effectively
blocked cleavages of PARP and caspase 3 induced by gal-
lotannin 48 h after treatment in HepG2 cells, implying gal-
lotannin can induce caspase-dependent apoptosis at the late
stage of treatment. Likewise, Al-Ayyoubi and Gali-Muhta-
sib (2007) claimed that gallotannin induced p21-dependent
disturbance of the cell cycle and apoptosis in pS3-negative
HCT116 colon cancer cells better than in p53 wild-type
HCT colon cancer cells, indicating apoptotic potential of
gallotannin.

It is well documented that cellular senescence is a
known terminal differentiation condition for tumour sup-
pression and aging (Althubiti et al. 2014; Campisi 2000).
Interestingly, gallotannin induced senescence through Gy/
G, cell cycle arrest, increased SA-P gal positive cells and
upregulated p21 as a cyclin-dependent kinase inhibitor in
HepG2 and SK-Hepl1 cells, implying the senescence-medi-
ated antitumor effect of gallotannin. However, it is note-
worthy that gallotannin induced transient p21 upregulation
and subsequently its rapid decline in two HCC cells in the
current study. Here we can postulate this biphasic phe-
nomena of p21 imply p21-dependent senescence at early
time points and p2l-independent apoptosis at later time
points by gallotannin, since p21 is temporarily activated
in senescence (Baker et al. 2013; Romanov et al. 2010),
and then decreases after cell cycle arrest in many cell lines
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including senescent human diploid fibroblasts (Alcorta
et al. 1996). However, Al-Halabi and his colleagues (Al-
Halabi et al. 2015) reported that gallotannin induces senes-
cence independently of p53 and p21 in HCT116 colon
cancer cells.

@ Springer

Notably, 1,2,3,4,6-penta-O-galloyl-b-p-glucose (PGG)
is a key intermediate and immediate precursor involved
in the biosynthesis of hydrolyzable tannins including gal-
lotannin in many plants and fruits (Zhang et al. 2009).
Though PGG was well known to have antitumor activity
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«Fig. 5 The important role of AMPK in gallotannin-induced senes-
cence and impaired autophagy in HCC cells. a Effect of AMPK
activator AICAR or AMPK inhibitor compound C on senescence
in HepG2 and SK-Hepl cells. Cells were pretreated with AICAR
or compound C for 1 h, and exposed to 40 pM gallotannin for 24 h.
Then, SA-p-galactosidase staining was performed. SA-f galac-
tosidase-positive cells were presented as relative values of the total
cells (means + SD of three independent experiments, *p < 0.05,
**p < 0.01 vs. gallotannin treatment alone by one-way ANOVA).
b Effect of AICAR or compound C on colony formation in HepG2
and SK-Hepl cells. Cells were pretreated with AICAR or com-
pound C for 1 h, and exposed to 40 pM gallotannin for 24 h. Then
cells were continuously incubated in new fresh complete medium for
12-14 days. Relative percentage of clonogenic cells were represented
as means + SD of three independent experiments. *p < 0.05 and
*#%p < 0.001 vs. gallotannin treatment alone by one-way ANOVA).
¢ Compound C decreased gallotannin-induced autophagic vesicles
in HepG2 cells. After pre-treatment of compound C for 1 h, HepG2
cells were exposed to gallotannin for 24 h and then TEM observation
was performed. Lower panel is the enlarged image in the black frame.
Red arrows indicate autophagic vesicles. Scale bar regular image:
5000 nm, enlarge image: 2000 nm. d Effect of compound C on the
reduced expression of SIRT1 and LC3B-II accumulation by gallotan-
nin in HepG2 and SK-Hepl cells. The cells were exposed to 40 pM
gallotannin for 24 h with or without compound C. Then the cell
lysates were subjected to Western blotting with indicated antibodies.
e Important role of AMPK in gallotannin-induced LC3B-II accumu-
lation in AMPKa1-WT and AMPKal™~ mouse embryonic fibroblast
(MEF) cells. The cells were treated with 40 pM gallotannin for 24 h
and the expression of SIRT1 and AMPKal was detected by Western
blotting

through anti-angiogenic (Huh et al. 2005), apoptotic (Huh
et al. 2005), autophagic (Dong et al. 2014), anti-inflam-
matory (Kiss et al. 2013), and antioxidant (Shaikh et al.
2016) effects in several cancers in breast (Lee et al. 2011),
prostate (Park et al. 2010; Zhang et al. 2011), liver (Kant
et al. 2016), lung (Kant et al. 2016), and blood (Kwon et al.
2012), the underlying autophagic mechanism of gallotan-
nin was for the first time elucidated in the current study.
Autophagy is a physiological dynamic process consisting
of three sequential steps such as formation of autophago-
somes, the fusion of autophagosomes with autolysosomes
and lysosomal degradation (Barth et al. 2010; Dupont et al.
2014). Here gallotannin showed autophagic features by
increasing the number of LC3 puncta and autophagic vesi-
cles and increased the conversion of LC3B-I to LC3B-II,
but induced decreased expression of Beclin 1 in HepG2 and
SK-Hepl cells, indicating autophagic potential of gallotan-
nin. Since the accumulation of LC3-puncta, autophagic
vesicles and LC3B-II represents either complete autophagy
or impaired autophagy due to inefficient lysosomal fusion
and decreased lysosomal degradation (Dupont et al.
2014; Zhang et al. 2013), autophagic flux was assessed
using a tandem fluorescent-tagged LC3 reporter plasmid
(GFP-mRFP-LC3) transfection in gallotannin-treated
HepG2 and SK-Hepl cells. Immunofluorescence revealed
that gallotannin increased the number of yellow-colored

LC3 puncta through merging of GFP and mRFP-LC3,
which was enhanced late-stage autophagy inhibitor CQ in
HepG2 and SK-Hepl cells. Consistently, late autophagy
inhibitors CQ and NH,CI significantly enhanced cytotoxic-
ity by MTT assay, while early autophagy inhibitors 3-MA
and wortmannin did not in HepG2 and SK-Hepl cells,
demonstrating the impaired autophagy of gallotannin in
two HCC cells.

There are accumulating evidences that SIRT1 is aber-
rantly overexpressed in a subset of human HCCs, and so the
silencing of SIRT1 in cancer cells suppresses the growth of
cancer cells leading to cell cycle arrest and apoptosis (Lau
et al. 2014; Raghuram and Mishra 2014; Zhou et al. 2015;
Zu et al. 2010). In addition, previous evidences reveal that
AMPK controls proliferation, apoptosis, and autophagy in
cancer cells as a potent tumor suppressor (Lee et al. 2012).
Hence, SIRT1 and AMPK are the two energy sensor sys-
tems regulating proliferation, autophagy, and senescence
of cells (Wang et al. 2011; Wu et al. 2011). In addition,
LKB1/AMPK signaling was activated in SIRT1-dependent
or -independent manner in several cancer cells (Canto et al.
2010; Guo et al. 2012; Hou et al. 2008; Lee et al. 2012;
Vucicevic et al. 2011; Wu et al. 2011). In the current study,
gallotannin attenuated the expression of SIRT1 and mTOR
and also activated phosphorylation of AMPK on Thr'”? in
HepG2 and SK-Hepl cells. Interestingly, gallotannin also
reduced the expression of overexpressed SIRT1 in HepG2
and SK-Hepl cells like the native alleles. However, proteo-
somal inhibitor MG132 blocked the ability of gallotannin
to attenuate the expression of SIRT1 and LC3B-II accu-
mulation, implying gallotannin alters SIRT1 protein sta-
bility via proteasome-mediated degradation. Furthermore,
AMPK inhibitor compound C blocked LC3B-II accumula-
tion and higher SA-B-gal activity by gallotannin in HepG2
and SK-Hepl cells. Consistently, LC3-II conversion by
gallotannin was not shown in AMPKal~'~ MEF cells com-
pared to WT AMPK** MEF cells, demonstrating the piv-
otal role of AMPK in gallotannin-induced senescence and
impaired autophagy leading to cell death. Likewise, SIRT1
overexpression using HisB—SIRT1 vector reversed LC3-1I
conversion, Gy/G, arrest and anti-proliferative activity by
gallotannin in HepG2 cells, indicating the important role
of SIRT1 in gallotannin-induced senescence and impaired
autophagy leading to cell death. In HepG2 xenograft tumor
model to confirm in vitro antitumor effect of gallotannin,
additionally, gallotannin significantly suppressed tumor
size and volume compared to PBS-injected control group
without any body weight loss in mice. Furthermore, IHC
for tumor tissues showed the decreased expression of
PCNA for proliferation, SIRT1 for senescence and also
increased expression of p-~AMPKal and TUNEL for apop-
tosis compared to PBS-treated control. Consistently, gallo-
tannin reduced the expression level of PCNA and SIRT1
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and increased phosphorylation of AMPKal compared to
PBS control, strongly demonstrating antitumor effect of
gallotannin via inhibition of PCNA and SIRT1, activation
of AMPK al, and apoptosis.

Collectively, gallotannin induced senescence, sup-
pressed proliferation via Gy/G, cell cycle arrest and
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p21 upregulation at early time points, induced impaired
autophagy and finally caused cell death in HepG2 and
SK-Hepl cells through regulation of SIRT1/AMPK axis,
and also suppressed the growth of HepG2 cells by inhi-
bition of PCNA, SIRT1 and activation of p-AMPK «l
and TUNEL in HepG2 Xenograft mouse model (Fig. 6h).
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«Fig. 6 Antitumor effect of gallotannin in HepG2 xenograft mouse
model. a Photos of mice bearing HepG2 cells from control (n = 8;
PBS), T1 (n = 7; 10 mg/kg) and T2 (n = 7; 10 mg/kg) groups. b Rep-
resentative tumors isolated from NCr nude mice from ***control,
T1, and T2 groups. ¢ Tumor volume of mice from three groups dur-
ing experiment period. Tumor volumes were represented by median
+ SEM. *p < 0.05 vs. control by one-way ANOVA. d Effect of gal-
lotannin on tumor weights from three groups. The weight of tumor
was measured from sacrificed mice. The data were represented by
median + SEM. *p < 0.05 vs. control by one-way ANOVA. e Effect
of gallotannin on the expression of PCNA, SIRT1 and p-AMPKal by
immunohistochemistry. Scale bar 50 pm. Quantification of IHC stain-
ing-positive cells in tumor tissues were represented by mean + SD
(n = 7-8). **p < 0.01 and ***p < 0.001 vs. control by one-way
ANOVA. f Effect of gallotannin on the number of TUNEL-positive
cells in tumor sections from mice of three groups (mean + SEM,
n = 5). ¥p < 0.0l and ***p < 0.001 vs. control by one-way
ANOVA. Scale bar 50 pm. g Effect of gallotannin on the expression
of PCNA, SIRT1, p-AMPKal, and procaspase 3 in isolated tumors.
Protein levels were quantified by Image J software and plotted rela-
tive to the control group. *p < 0.05, **p < 0.01 or ***p < 0.001
vs. control by one-way ANOVA. h Schematic diagram on antitumor
mechanism of gallotannin via SIRT1/AMPK-mediated senescence
and impaired autophagy leading to cell death

Overall, these findings support evidences that gallotan-
nin exerts antitumor effect through senescence-mediated
impaired autophagy leading to cell death via regulation
of SIRT1 and AMPK signaling as a potent anticancer
agent for HCC treatment and prevention.
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