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Corilagin induces the apoptosis of hepatocellular carcinoma cells
through the mitochondrial apoptotic and death receptor pathways
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Abstract. Corilagin, a gallotannin, is one of the major active
components of many ethnopharmacological plants and
exhibits antitumor, anti-inflammatory and antioxidative prop-
erties. In recent years, corilagin has provoked much attention
due to its antitumor activity, yet the mechanisms attributed to
its anticancer actions are largely unknown. In our previous
research, our group reported that corilagin could inhibit the
proliferation of hepatocellular carcinoma (HCC) cells by
inducing G2/M phase arrest. In the present study, observation
of the morphological changes showed that corilagin induced
the apoptosis of HCC cells as determined by AO/EB and
Hoechst 33258 staining assays. Furthermore, flow cytometric
analysis was carried out to calculate the apoptotic rate which
was 24.1% following treatment with corilagin (37.5 uM). At
the molecular level, mitochondrial membrane potential assay
and western blot analysis showed that the mitochondrial
transmembrane potential was reduced and the rate of release
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of cytochrome ¢ was increased, which led to the activation of
caspase-9, caspase-3 and cleavage of PARP in the cytoplasm
indicating activation of the mitochondrial apoptotic pathway.
Moreover, following treatment with corilagin, we noted
upregulation of Fas and FasL and activation of caspase-8
which represented activation of the death receptor pathway,
and we also observed downregulation of Bcl-2 and survivin
which was also attributed to the antitumor effect of corilagin.
These results suggest that corilagin significantly induced the
apoptosis of HCC cells through both the mitochondrial apop-
totic pathway and the death receptor pathway, and corilagin
is a potential complementary anticancer herbal drug for HCC
therapy.

Introduction

Hepatocellular carcinoma (HCC) is the third leading cause
of cancer-related death cancer worldwide. The incidence and
mortality of HCC are increasing in Asian countries as a result
of an ageing cohort infected with hepatitis B virus (HBV),
and these parameters are expected to continue to rise as a
consequence of the obesity epidemic or exposure to a contami-
nated environment (1). Most HCC patients typically present
in advanced and incurable stages, and are usually unsuitable
for surgery. However, this situation is improving with a better
understanding of the molecular mechanisms involved in the
progression of HCC (2). Recently, researchers have focused on
plant-derived compounds that have the potential to target the
molecules which are critical for the progression of HCC (3).
Corilagin (Fig. 1), a natural plant polyphenol tannic acid,
is a major active component of many ethnopharmacological
plants such as Phyllanthus (P.) niruri L., P. emblica L. and
P. urinaria L. It was first isolated from Caesalpinia coriaria
(Jacq.) Willd. (Divi-divi) by Schmidt in 1951 (4). In recent
years, corilagin has provoked much attention due to its anti-
tumor, hepatoprotective, and anti-inflammatory activities,
but particularly as a candidate antitumor agent. In the past
few decades, corilagin has been reported to display various
pharmacological activities, including antioxidant activity (5),
hepatoprotective effect (6), anti-inflammatory activity (7),
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neuroprotective effect (8), cardiovascular protective activity (9)
and anti-diabetic activity (10). Recently, the antitumor effect of
corilagin (2,3,11,12) has been a focus of increased research.

Research on the antitumor activity of corilagin began
in 1985. Corilagin was reported to inhibit the reverse tran-
scriptase activity of RNA tumor virus (13), to inhibit the
topoisomerase I-mediated relaxation of DNA, which inhibits
the growth of tumor cells (14,15), and to reduce the release
of tumor necrosis factor-a (TNF-a) in cancer cells. TNF-a
is thought to stimulate the growth and progression of early
malignant tumor cells (16,17). In recent years, corilagin has
been demonstrated to suppress human colon cancer, gastric
adenocarcinoma and metrocarcinoma (18-20), to inhibit the
growth of tumor cells in vivo, to suppress the proliferation
of HCC Hep3B cells in an athymic nude mouse xenograft
model (11), to suppress the growth of HCC cells by inducing
G2/M phase arrest and to inhibit the proliferation of ovarian
cancer cells via the TGF-B/AKT/ERK signaling path-
ways (2,3). In addition, corilagin was found to inhibit the
proliferation of cholangiocarcinoma (CCA) cells by regulating
the Notch signaling pathway. In vitro, corilagin inhibited
CCA cell proliferation, migration and invasion, and induced
the apoptosis of CCA cells by inhibiting the Notch signaling
pathway. Moreover, corilagin has shown the potential to
promote the antitumor activity of cisplatin and doxorubicin
in HCC cells (11,21) and to sensitize ovarian cancer cells to
paclitaxel and carboplatin by inhibiting the Snail-glycolysis
pathways (22).

Based on the above findings, corilagin induces the apoptosis
of HCC cells, yet the mechanism remains unclear. Therefore,
the present study aimed to explore the molecular mechanisms
involved in the pro-apoptotic effect of corilagin and to provide
evidence that corilagin may have the potential to become a
complementary anticancer herbal drug for HCC therapy.

Materials and methods

Chemicals and reagents.Corilagin (purity =98%) was prepared
at the Xiamen Overseas Chinese Subtropical Plant Introduction
Garden (Xiamen, China) as previously described (21). Three
HCC cell lines (SMMC-7721, Bel-17402 and MHCC97-H)
were used and all were obtained from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). RPMI-1640
medium and Dulbecco's modified Eagle's medium (DMEM)
were obtained from Gibco (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). Bisbenzimide (Hoechst 33258), acridine
orange (AO), JC-1, ethidium bromide (EB), methyl thiazolyl
tetrazolium (MTT) and cisplatin (CDDP; purity =99.9%) were
obtained from Sigma-Aldrich (Merck KGaA, Darmstadt,
Germany). Annexin V-FITC/PI Apoptosis Detection kit was
obtained from Roche (Mannheim, Germany). The antibodies
against p53 (1:1,000; mouse mAb; cat. no. 48818), Bcl-2
(1:1,000; mouse mAb; cat. no. 15071), cytochrome ¢ (1:1,000;
rabbit mAb; cat. no. 11940), caspase-9 (1:1,000; mouse mAb;
cat. no. 9508), caspase-8 (1:1,000; mouse mAb; cat. no. 9746),
caspase-3 (1:1,000; rabbit mAb; cat. no. 9662), PARP (1:1,000;
rabbit mAb; cat. no. 9746), surviving (1:1,000; mouse mAb,
cat. no. 2802), Fas (1:1,000; mouse mAb; cat. no. 8023) and
FasL (1:1,000; rabbit mAb; cat. no. 4273) were purchased from
Cell Signaling Technology (Danvers, MA, USA).
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Figure 1. The chemical structure of corilagin (C,;H,,0y5).

Cell culture. Cells were cultured in RPMI-1640 or DMEM
supplemented with 10% FBS, penicillin (100 U/ml) and strep-
tomycin (100 mg/ml) in a humidified incubator aerated with
5% CO, and 95% air at 37°C. When the cells reached 70-80%
confluency, they were trypsinized and counted, and 5,000 cells
were seeded into each 96-well microtiter plate for overnight
incubation and then treated with corilagin complete cell
medium for 48 h. The control group was treated with DMSO
(0.1%, w/v) for the same duration.

MTT assay. The effect of the constituents on the growth of
the HCC cells was determined using the MTT assay. Briefly,
the cells were seeded overnight and the medium was removed.
The cells were then treated with 180 ml corilagin dissolved
in medium at 6.25, 12.5, 25, 50, 75 and 100 M or with
DMSO (0.1%, w/v) as a control for 24 h. After 24 h, 20 ul
MTT (5 mg/ml) was added to each well, and the plates were
incubated for an additional 4 h at 37°C. The supernatants
were replaced with 150 ml of DMSO to dissolve the formazan
produced from the MTT by the metabolizing cells. Absorbance
at 492 nm was proportional to the live metabolizing cell
count, and cell survival was expressed as the absorbance of
the MTT-treated cells relative to that of the DMSO-treated
controls (absorbance was detected using Thermo Scientific
Microplate Reader MK 3).

Colony formation assay. Cells were seeded at 800 cells per
well in a 6-well plate (9.5 cm?) and allowed to attach over-
night prior to treatment with DMSO or varying concentrations
of corilagin. The cells were treated for 24 h, then recovery
medium was added and the cells were allowed to continue to
grow for 10 days. Colonies were stained using 0.5% crystal
violet solution in methanol for 30 min. Staining solution was
removed, wells were washed with deionized H,O, and the
stained colonies containing more than 50 cells were imaged
and counted under microscopy (Leica Microsystems GmbH,
Wetzlar, Germany).

Morphological studies using fluorescence microscopy. The
HCC cells seeded into a 6-well plate were treated with 37.5 yM
corilagin or DMSO (0.1%, w/v) as a negative control and 30 M
CDDP as a positive control for 24 h. The supernatants were
then replaced by PBS containing 100 xg/ml of Hoechst 33258
or AO/EB in PBS for 10 min in the dark. Cell morphology was
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Figure 2. Growth inhibitory effect of corilagin on hepatocellular carcinoma (HCC) cells. (A) Three cell lines were treated with the indicated concentrations
of corilagin for 24 h, and cell survival was determined using the MTT assay and calculated as the percentage of the untreated control. (B) Analysis of colony
formation capability of HCC cells treated with corilagin. (C) Dead cells were stained with trypan blue and present a blue color; arrows indicate dead cells.

Magnification, x200.

visualized immediately using fluorescence microscopy (Leica
Microsystems GmbH).

Mitochondrial membrane potential assay. Cells were treated
with 12.5, 25, 37.5 and 50 M corilagin or DMSO (0.1%, w/v)
as a negative control and 30 xM CDDP as a positive control
for 24 h. The cells were then incubated with JC-1 (0.1 #g/ml)
for 15 min. After washing with PBS, the cells were suspended
in PBS and observed with a fluorescence microscope as previ-
ously described (23). The green fluorescence from the JC-1
monomer and the red fluorescence from the aggregated form
of JC-1 were visualized.

Flow cytometry assay. SMMC-7721 cells were seeded into
60-mm plates (1-2x10%/plate) and incubated with corilagin (25,
37.5 and 50 uM) or DMSO (0.1%, w/v) as a control on the
next day. Control and treated cells were trypsinized after treat-
ments for 24 h. Cells were collected in PBS and stained using
the Annexin V-FITC/PI Apoptosis Detection kit. The stained
cells were analyzed by flow cytometry.

Western blot analyses. Cells were seeded into 60-mm
plates (1-2x10%/plate) and incubated with corilagin (12.5, 25
and 37.5 uM, which were below or approximately the IC,)
or with DMSO (0.1%, w/v) as a control on the next day for
24 h. Cells were washed in PBS, suspended in ice-cold lysis
buffer containing 50 mM Tris-HCI (pH 7.4), 5 mM EDTA,
150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate,
1 mM sodium, 20 mg/ml aprotinin, 20 mg/ml leupeptin and

1 mM phenylmethylsulfonyl fluoride (PMSF) and placed on
ice for 5 min. The solution was harvested then centrifugation
was carried out at 12,000 x g for 20 min (4°C), after which the
supernatants were collected and the protein concentrations in
the cell lysates were determined using the BCA assay. Whole
cell lysates were resolved by SDS polyacrylamide gel elec-
trophoresis and transferred onto nitrocellulose membranes,
which were probed with anti-f3-actin. Blots were then devel-
oped using ECL (Thermo Fisher Scientific, Inc.).

Statistical analysis. All data subjected to statistical analysis was
from at least three independent experiments and are reported
as the mean =+ standard deviation. The criterion for statistical
significance was taken as P<0.05 using a two-tailed t-test, and
the count data were tested using Chi-square criterion comparing
the frequency of parameters. The analyses were performed
using SPSS 15.0 software (SPSS, Inc., Chicago, IL, USA).

Results

Corilagin inhibits the proliferation and colony formation of
hepatocellular carcinoma cells. The cytotoxicity of corilagin
in HCC cells was analyzed by the MTT assay. HCC cell lines,
SMMC-7721, Bel-7402 and MHCC97-H, were treated with
increasing concentrations of corilagin (6.25, 12.5, 25, 50, 75
and 100 M) or with DMSO (0.1%, w/v) as a control for 24 h.
As shown in Fig. 2A, corilagin inhibited the proliferation of
the three HCC cell lines and the inhibitory rate exhibited a
dose-dependent trend. The ICs, values of corilagin against the
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Figure 3. Growth inhibitory effect of corilagin on hepatocellular carcinoma (HCC) cells. SMMC-7721 cells were treated with DMSO (0.1%, w/v) or 37.5 uM
corilagin and CDDP as positive control for 24 h. (A) Representative images after treatments. Images were captured using phase-contrast microscopy
(Leica DM IRB); arrows indicate apoptotic cells. Magnification, x200. (B) Cells were fixed and stained using Hoechst 33258; apoptotic cells present brighter
blue fluorescence; arrows indicate apoptotic cells. Magnification, x200. (C) Cells were harvested and stained with AO/EB; arrows indicate apoptotic cells.
Magnification, x200. (D) The apoptotic ratio was determined in the AO/EB-stained apoptotic cells (“P<0.01 and *"P<0.001).

SMMC-7721, Bel-7402 and MHCC97-H cells were 38.12+1.2,
39.7+1.4 and 37.05+0.9 uM, respectively. In the colony forma-
tion assay, corilagin showed a strong inhibitory effect on the
HCC SMMC-7721 cells and HCC cell lines Bel-7402 and
MHCC97-H (Fig. 2B). Corilagin presented s similar inhibi-
tory rate on the three HCC cell lines. Based on the trypan
blue staining assay (Fig. 2C), we observed trypan blue-stained
cells in the corilagin-treated group indicating that corilagin
can lead to the death of HCC SMMC-7721, Bel-7402 and
MHCC97-H cells. These results showed that corilagin signifi-
cantly suppressed the proliferation of the HCC cells.

Observation of the morphological changes in HCC cells
after exposure to corilagin. Cell morphological changes after
corilagin exposure were observed under a microscope. As
shown in Fig. 3A, cells treated with corilagin for 24 h showed
typical features of apoptotic cells which were similar to the
features exhibited by the inhibitory effect of CDDP on the

HCC cells, such as nuclear fragmentation, cell shrinkage and
apoptotic bodies under the microscope. In addition, based on
the Hoechst 33258 staining assay, we found that the blue emis-
sion light in apoptotic cells was much brighter than that in the
control cells (Fig. 3B). Upon AO/EB staining assay, different
cells (alive, apoptotic or necrotic) were clearly differentiated
by the different colors (Fig. 3C). Fig. 3D shows the quantifica-
tion of 20 different images and indicates the apoptotic ratios
between the control and corilagin-treated cells. These results
indicated that the corilagin-treated cells exhibited morpho-
logical changes indicating apoptosis, including chromatin
condensation and nuclear fragmentation.

Effect of corilagin on the apoptosis of HCC cells. To determine
the apoptotic effect of corilagin on HCC cells, SMMC-7721
cells were treated with different concentrations of corilagin
(25, 37.5 and 50 uM) for 24 h. Cells were evaluated by flow
cytometry through Annexin V/PI staining. As shown in Fig. 4,
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Figure 4. Effect of corilagin on the percentage of apoptotic hepatocellular carcinoma (HCC) cells. SMMC-7721 cells were treated with different doses (25, 37.5
and 50 uM) of corilagin for 24 h and then stained with Annexin V/PI staining and then evaluated by flow cytometry.
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Figure 5. Corilagin treatment reduces the mitochondrial transmembrane potential of hepatocellular carcinoma (HCC) SMMC-7721 cells. (A) Cells were
treated with different doses (12.5, 25, 37.5 and 50 uM) of corilagin or DMSO (0.1%, w/v) as a negative control and 30 xM CDDP as a positive control for
24 h and then stained with JC-1. Images were captured by fluorescence microscopy. Magnification, x100. (B) The ratio of the decrease in mitochondrial

transmembrane potential in SMMC-7721 cells treated with corilagin (“P<0.01 and

was increased following the treatment of corilagin as determined by western blot analysis.

P<0.001). (C) The protein level of cytochrome ¢ (Cyto c) in the cytoplasm
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increasing percentages of apoptotic cells were observed when
compared to the control group. The apoptotic percentage of
the HCC cells was 41.1% following treatment with corilagin
of 50 uM.

Effect of corilagin on the mitochondrial transmembrane
potential of HCC cells. To investigate the loss of Aym during
apoptosis induced by corilagin, cells were treated with 12.5,
25, 37.5 and 50 uM corilagin or DMSO as a negative control
and 30 M CDDP as a positive control for 24 h and then
stained with JC-1 and monitored with a fluorescence micro-
scope. JC-1 forms monomer and emits green fluorescence
when Aym is depolarized (common in apoptosis), while JC-1
aggregates and emits red fluorescence at a highly polarized
Aym. As shown in Fig. 5A, JC-1 was accumulated in the
control cells which presented red fluorescence indicating
a high Aym. However, JC-1 was poorly accumulated in the
corilagin-treated cells, which displayed only green or weak red
fluorescence, indicating low Aym in the mitochondria of the
corilagin-treated cells. Fig. 5B shows the quantification of the
ratio of decreased mitochondrial membrane potential in the
cells treated with corilagin. Moreover, Fig. 5C shows that the
protein level of cytochrome ¢ (Cyto c) in the cytoplasm was
increased following the treatment of corilagin which can lead
to the activation of caspase-9 and caspase-3. This result indi-
cates activation of the intrinsic apoptotic signaling pathways.

Effect of corilagin on the levels of apoptosis-related proteins
in HCC cells. Apoptosis is often relevant to a well-organized
sequence of cellular events, resulting in the alteration of intracel-
lular signaling pathways. HCC cells were treated with different
concentrations of corilagin (0, 12.5, 25 and 37.5 uM) for 24 h,
and cytochrome ¢ was translocated from the mitochondria to
the cytoplasm which confirmed the result of the mitochondrial
membrane potential assay. As shown in Fig. 6A, the expression
of p-AKT was downregulated, while the p53 protein level was
upregulated following treatment with corilagin. Cleavage of
caspase-9, caspase-3 and PARP was observed, indicating acti-
vation of the intrinsic apoptotic signaling pathways (Fig. 6A).
In addition, upregulation of Fas and FasL was noted which led
to the activation of caspase-8 (Fig. 6B); caspase-8 is an impor-
tant protein of the extrinsic apoptotic signaling pathways,
namely the Fas/FasL signaling pathway. These results indicate
that corilagin also activates the extrinsic signaling pathways.
We also observed downregulation of Bcl-2 and survivin which
are important anti-apoptotic proteins and may facilitate the
inhibitory activity of corilagin on HCC cells (Fig. 6A).

Discussion

Corilagin is the main bioactive component of many traditional
herbal plants (e.g., P. niruri L. and P. emblica L.). Corilagin
was found to inhibit the growth of many types of cancer
cells including nasopharyngeal carcinoma (19), HCC (2),
gastric adenocarcinoma (19), lung adenocarcinoma (20),
metrocarcinoma (18), colon cancer (19), ovarian cancer (3) and
osteosarcoma cells (3) of human origin and murine melanoma
cells (18).

In a previous study, our group found that corilagin inhib-
ited the growth of HCC cells by inducing G2/M phase arrest
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by downregulating p-Akt and cyclin Bl/cdc2 and upregulating
p-pS3 and p21 (2) and corilagin inhibited ovarian cancer cells
via the TGF-f/Akt/ERK signaling pathways (3). Moreover,
corilagin was reported to enhance the antitumor activity
of CDDP in HCC cells (21). In the present study, we found
that corilagin-treated cells exhibited morphological changes
indicative of apoptosis, including chromatin condensation and
nuclear fragmentation through Hoechst 33258 and AO/EB
staining assays demonstrating that corilagin can induce the
apoptosis of HCC cells. The result of the flow cytometry assay
was in accordance with the observation of morphological
change; corilagin does induce the apoptosis of HCC cells.

At the molecular level, we also observed a change in the
mitochondrial membrane potential in the corilagin-treated
HCC cells. This result confirmed the work of Wang who found
that corilagin induced membrane potential change in the
mitochondria of human gastric cancer SGC-7901 cells (12).
In the present study, cytochrome ¢ was translocated from
mitochondria to the cytoplasm which confirmed the result
of the mitochondrial membrane potential assay. Cleavage of
caspase-9, caspase-3 and PARP was observed demonstrating
that corilagin can activate the intrinsic apoptotic signaling
pathways, namely the mitochondrial pathway. In the western
blot assay of corilagin-treated HCC cells, we observed activa-
tion of caspase-8, which is downstream of the death receptor
pathway (Fas/FasL signaling pathway) and upregulation of
Fas/FasL (Fig. 6B). Activation of caspase-8 indicated that
corilagin can also activate the death receptor pathway. In
addition, we also observed downregulation of Bcl-2 and
survivin and upregulation of p53. Bcl-2 is an important anti-
apoptotic protein which can block the release of cytochrome ¢
from mitochondria to the cytoplasm (24). Survivin is also an
important anti-apoptotic protein which can inhibit the activity
of caspase-3 (25). p53 is an important pro-apoptotic protein
which can promote the release of cytochrome ¢ and activation
of the intrinsic apoptotic signaling pathways (26).

In summary (Fig. 7), corilagin upregulates the expres-
sion of p53 leading to the release of cytochrome ¢ from
the mitochondria to the cytoplasm and then cytochrome ¢
activates caspase-9, caspase-3 and cleavage of PARP conse-
quently resulting in the apoptosis of HCC cells. In addition,
corilagin activates the Fas/FasL/caspase-8 signaling pathway
which can lead to the activation of caspase-3 and the cleavage
of Bid which contributes to the release of cytochrome c.
Downregulation of survivin also facilitates the activity of
caspase-9 and caspase-3. These results suggest that corilagin
significantly induces the apoptosis of HCC cells through both
the mitochondrial apoptotic pathway and the death receptor
pathway. Our findings are beneficial to the ongoing research
on corilagin, and provide evidence for the potential use of
corilagin as an antitumor drug.
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