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Anticancer effects of Poncirus fructus on hepatocellular carcinoma
through regulation of apoptosis, migration, and invasion
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Abstract. Poncirus fructus (PF) is a phytochemical compound
extracted from the dry, immature fruits of Poncirus trifoliate.
PF is traditionally used to treat gastrointestinal disorders, aller-
gies, and inflammatory disease. In East Asia, PF is also known
for its anticancer properties. There are numerous reports on
the anticancer and anti-inflammatory effects of PF in a wide
range of cancers and gastrointestinal diseases, respectively.
However, the role of PF in inducing apoptosis and suppressing
the invasiveness of hepatocellular carcinoma (HCC) remains
unclear. This study investigated the ability of PF to induce
apoptosis and inhibit the invasiveness and migratory ability of
HCC cell lines (Hep3B and Huh7). Wound healing, Transwell
migration and invasion, and colony-formation assays, as well
as flow cytometry, were used to analyze cell proliferation,
migration, invasion, and apoptosis. Epithelial-mesenchymal
transition (EMT)-related and apoptotic proteins were assessed
by western blotting. The mitochondrial membrane potential of
the Hep3B and Huh7 cells was observed with tetramethylrho-
damine ethyl ester. The reactive oxygen species (ROS) level
was determined by dihydroethidium (DHE) staining. PF treat-
ment significantly decreased the proliferation of Hep3B and
Huh?7 cells in a dose-dependent manner, reduced the mitochon-
drial membrane potential, increased ROS levels, decreased
the protein levels of Bcl-2, and increased the protein levels of
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Bax and cleaved caspase-3 and 9, suggesting that PF mediated
HCC apoptosis via a mitochondrial pathway. Our findings
showed that PF prevented HCC cell migration and invasion by
inhibiting the EMT process and downregulating MMP-2 and
MMP-9 activities. The results suggest the potential anticancer
effects of PF by inhibiting proliferation, inducing apoptosis,
and reducing the invasion and migration of HCC cells.

Introduction

Hepatocellular carcinoma (HCC) is the fifth most common
malignant disease and the third most common cause of
cancer-related death worldwide (1,2). A steady increase in
viral hepatitis, metabolic syndrome, and alcohol consump-
tion over the past decades has contributed to the increasing
incidence of HCC (3). The main cause of treatment failure
and death in hepatic cancer patients is the highly metastatic
nature and recurrence rate of the disease (4,5). Despite specific
guidance for monitoring the disease presented in a variety of
guidelines, more than two-thirds of HCC patients are diag-
nosed at an advanced stage of the disease with limited curative
treatment options (6,7). Thus, HCC continues to be a global
healthcare problem. Although significant efforts have been
made to develop and evaluate chemical compounds for the
treatment of HCC, only a limited number of drugs, such as
first-line drugs sorafenib and lenvatinib, and second-line drugs
regorafenib and cabozantinib have shown success in phase 111
clinical trials (8-10).

Pinl is a peptidyl-prolyl cis/trans isomerase, member of
the parvulin family of PPlase enzymes, which plays important
roles in cell signaling, including conformational changes in
protein kinase and cellular substrates. Several studies have
suggested that Pinl plays a significant role in various cellular
activities, including apoptosis, cell cycle progression, differ-
entiation, proliferation, and transformation (11-13). Pinl is
frequently overexpressed in many types of cancer including
HCC and there is a strong relationship between the expression
of Pinl and pB-catenin/cyclin D1 (14,15). The isomerization
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of Pinl is important for the stabilization of B-catenin and
cyclin D1 (15,16). Cancer metastasis is a complex step-by-step
mechanism involving the detachment of cells from the
primary tumor, destruction of the extracellular matrix (ECM),
infiltration into the circulatory and lymphatic systems, inva-
sion across the basement membranes into new tissue, and
growth (17-19). Past studies have shown that epithelial mesen-
chymal transition (EMT) plays a significant role in the spread
of malignant tumors by rendering tumor cells more susceptible
and facilitating the invasion and metastasis of cancer cells (20).
Matrix metalloproteinases (MMP-2 and MMP-9) are key
enzymes responsible for tumor cell migration, invasion, and
metastasis (21,22). Therefore, the suppression of tumor cell
EMT and the activation of apoptosis have the potential to treat
tumors.

Mitochondria are crucial in controlling cell apoptosis by
releasing caspase activators and caspase-independent death
effectors, which results in the loss of important mitochondrial
function (23,24). Mitochondrial dysfunction contributes to
the degradation of mitochondrial membrane potential and,
the instability of electron transport reactions, resulting in the
overproduction of reactive oxygen species (ROS), caspase
activation, and apoptosis pathway initiation (25). Numerous
studies have identified bioactive compounds and phyto-
chemical sources with anticancer effects that inhibit cancer
cell proliferation and modulate metabolism (26). Our findings
suggest that PF decreased the mitochondrial membrane poten-
tial and increased the production of mitochondrial ROS and
apoptotic cell death in hepatocellular cancer cells.

Several studies have evaluated the potential pharma-
cological activity, including the antimicrobial, antifungal,
anti-inflammatory, antioxidant, and anticancer effects, of
plant-derived compounds (27-30). The current study used
Poncirus fructus (PF), a phytochemical extract obtained
from the dry immature fruits of Poncirus trifoliata. Poncirus
trifoliata grows naturally on Gaduk and Jeju islands in South
Korea. It is cultivated by farmers in the southern villages of
South Korea. PF is believed to possess anti-inflammatory,
anti-allergic, and lipid-lowering properties. PF has traditionally
been used to treat gastrointestinal disorders, womb contrac-
tion, dyspepsia, and blood circulation-related disorders in East
Asia, including South Korea (31-33). The biological activities
of P. trifoliata, such as oncogenic-attenuating activity, anaphy-
laxis inhibition, and Helicobacter pylori suppression have
been investigated (34). Furthermore, it has been reported that
P. trifoliata extract is cytotoxic to promyelocytic leukemia
cells (35). However, neither the cytotoxic effects of PF on
HCC nor the molecular mechanism underlying its oncogenic
activity has been elucidated. Therefore, the present study was
conducted to investigate the molecular mechanism of PF in
proliferation, apoptosis, and tumor metastasis. The findings
of this study suggest the potential therapeutic effects of PF to
efficiently managing HCC.

Materials and methods

PF extract preparation. The PF extract used was from the
same batch as that in a previous study (36). Briefly, the dry
immature fruits of P. trifoliata were purchased from an
Oriental medical store in Geuman, Korea. The fruits were
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processed with methanol at room temperature for 24 h. The
PF methanol extract was concentrated under reduced pressure
using a rotary evaporator. The residues were resuspended in
distilled water and further extracted with hexane and ethyl
acetate. The ethyl acetate-soluble fraction was subjected to
silica gel chromatography using the phase solvent method
and a chloroform-methanol solvent. The active fractions were
combined, concentrated, and subjected to chromatography on
a Sephadex LH-20 column eluted with methanol. Again, the
active fraction was subjected to C18 reverse-phase column
chromatography eluted with 80% aqueous methanol followed
by high-performance liquid chromatography (HPLC) eluted
with 85% aqueous methanol to obtain the desired compound.

Cell culture and drug treatments. Hep3B and Huh7 cells were
obtained from the American Type Culture Collection (ATCC).
Cell line authentication was systematically conducted using
a panel of ATCC short tandem repeats (STR) and routinely
monitored for mycoplasma contamination and tested negative
for mycoplasma contamination. The cell lines were cultured
in Dulbecco's Modified Eagle's Medium (DMEM; HyClone®,
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (FBS; HyClone®, Thermo Fisher Scientific, Inc.)
and 1% antibiotics (HyClone®, Thermo Fisher Scientific, Inc.)
at 37°C in humidified conditions with 5% CO,. The cells were
treated for 24 h with PF dissolved in phosphate-buffered saline
(PBS) (0, 20, 30, or 40 uM).

Cell proliferation assay. Hep3B and Huh7 cells were
seeded into 96-well plates at a cell density of 5x10° per well
and cultured for 24 h. The cells were treated with the indi-
cated drug concentrations (0, 20, 30, 40 yM). The medium
was removed, and the cells were incubated for 2 h in solu-
tion with 50 pl of 5 mg/ml 2,5-diphenyl tetrazolium bromide
(MTT; Sigma-Aldrich; Merck KGaA). The transformed purple
formazan crystals were solubilized in dimethyl sulfoxide
(DMSO) and the optical density was measured at a wavelength
of 575 nm.

Colony forming assay. Hep3B and Huh7 cells were seeded in
6-well plates (1,000 cells per well) for 24 h. The medium was
replaced with fresh medium containing PF (20, 30, or 40 uM)
for 24 h. After 24 h, the medium was removed, and fresh
medium was added to the cells for 10-14 days. Afterward, the
cells were fixed for 15 min with ice-cold methanol, washed
with PBS, stained with 1% crystal violet solution (bioWORLD)
for 1 h at room temperature, and the colonies with >10 cells
were counted by using densitometric software Clono-Counter
as described previously (37).

Annexin assay. Apoptosis of the Hep3B and Huh7 cells was
detected by flow cytometry. Briefly, Hep3B and Huh7 cells
were seeded at a cell density of 5x10* in a 60-mm culture
dish overnight and treated with medium containing PF (0, 20,
30, and 40 yM) for 24 h. The cells were trypsinized and the
supernatants containing the cells were collected. The cells
were centrifuged at 1,500 rpm for 3 min at 15°C and frequently
washed with PBS. Then, an Annexin V-FITC apoptosis kit
was used to determine apoptosis by flow cytometry according
to the manufacturer's instructions.
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Mitochondrial membrane potential (AWm) analysis. The
mitochondrial membrane potential was determined using a
tetramethylrhodamine ethyl ester perchlorate (TMRE) mito-
chondrial membrane potential assay kit (Abcam) according
to the manufacturer's instructions. Hep3B and Huh7 cells
were seeded at a density of 10,000/well in 96-well plates. The
cells were cultured with PF (0, 20, 30, and 40 uM) for 24 h.
Then, the cells were stained with TMRE (400 nmol/l) for
20 min and washed twice with PBS. The TMRE dye inten-
sity was measured at excitation and emission wavelengths of
549/575 nm, respectively, using a fluorescence plate reader.

Reactive oxygen species (ROS) analysis. The levels of intracel-
lular ROS in the Hep3B and Huh7 cells were measured using a
fluorescent dihydroethidium (DHE) probe. Intracellular DHE
is oxidized to ethidium, which binds to DNA and stains the
nuclei a bright red fluorescent color. Hep3B and Huh7 cells
were cultured in glass-bottom confocal dishes and pretreated
with PF as previously described. The cells were washed
twice with PBS and then fixed at room temperature with
ice-cold methanol for 10-15 min. Then, DHE was diluted in
PBS to a final concentration of 5 M and applied to the cells
for 35 min at 37°C in the dark. The cells were labeled with
4',6-diamidino-2-phenylindole, dihydrochloride (DAPI) for
5 min after washing twice with PBS, and examined under a
fluorescence microscope using a x63 oil immersion objective
lens (Axioskop 2 Plus, Carls Zeiss, Gottingen, Germany).

In vitro cell migration and invasion assays. The migration
and invasion potential of the Hep3B and Huh7 cells was
evaluated using a Transwell chamber with 8.0-xm pore poly-
ester membrane inserts and 8.0-xm pore polyester membrane
inserts with Matrigel-coated chambers (Corning, Inc.). For the
migration assay, Hep3B and Huh7 cells treated with PF at the
indicated concentrations were seeded in the upper chamber
at a density of 5x10* cells per well in 200 ul of serum-free
medium, and 500 pl of 10% FBS-containing medium was
added to the lower chamber. The suspension was discarded
after 24 h and the cells on the top layer of the membrane were
removed with cotton swabs. The cells that migrated to the
lower membrane surface were stained with the Diff-Quick kit
solution. The migrated cells were counted under light micros-
copy in three randomly chosen fields. The Matrigel-coated
chamber was rehydrated with serum-free medium in a
humidified tissue culture incubator to perform the invasion
assay, followed by the migration assay. After 24 h, the suspen-
sion medium was discarded and the cells on the upper layer
of the membrane were removed using cotton swabs. The cells
that invaded the lower surface of the membrane were fixed
with ice-cold methanol and stained with the Diff-Quick kit
solution. The invasive cells were detected, photographed, and
counted in three randomly chosen areas under light micros-

copy.

Immunoblot analysis. The cells were washed with PBS and
lysed with lysis buffer (iNtRON Biotechnology) containing
a cocktail of phosphatase inhibitor-1. Western blotting was
performed as previously described (38). The membranes
were incubated overnight with primary antibodies specific for
anti-rabbit cleaved caspase-3 (cat. no. 9661) and -9, anti-mouse
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caspase-9 (cat. no. 9508), cleaved PARP (cat. no. 5625),
E-cadherin (cat. no. 3195), vimentin (cat. no. 5741), Snail
(cat. no. 3879), MMP-9 (cat. no. 2270) (dilution 1:1,000; Cell
Signaling Technology, Inc.), anti-mouse actin, a-SMA (cat.
no. A2547, dilution 1:1,000; Sigma-Aldrich; Merck KGaA),
anti-rabbit Bcl-2 (cat. no. BS1511), Bax (cat. no. BS6420),
MMP-2 (cat.no.BS1236) (dilution 1:1,000; Bioworld Tech.Inc.),
anti-rabbit caspase-3 (cat. no. sc-7148), anti-mouse Pinl (cat.
no. sc-46660), anti-rabbit cyclin DI (cat. no. sc-717) (dilution
1:1,000, Santa Cruz Biotechnology, Inc.), anti-mouse [3-catenin
(cat. no. 610154), and N-cadherin (cat. no. 610920) (dilution
1:1,000, BD Biosciences). The membranes were washed and
incubated with horseradish peroxidase (HRP)-conjugated
anti-mouse (cat. no. ADI-SAB-100-J) or anti-rabbit secondary
antibodies (ADI-SAB-300-J) (dilution 1:3,000, Enzo Life
Sciences). Protein expression was detected using an enhanced
chemiluminescence detection kit (Millipore Corp.).

Gelatin zymography. Gelatin zymography was performed to
determine the levels of MMPs, such as MMP-2 and MMP-9.
The HCC cell supernatants were collected by centrifugation
at 4,000 x g at 4°C and the protein content was determined
using a BCA protein assay kit. Equal amounts of protein
mixed with non-reducing 6X loading buffer were separated
by SDS-PAGE containing 0.1% gelatin. After electropho-
resis, the gels were rinsed thrice with 0.25% Triton X-100
for 15 min at room temperature and then incubated at 37°C
in developing buffer (50 mM Tris-HCL pH 7.4, 5mM CaCl,,
200 mM NaCl) for 42 h. After incubation, the MMP-2 and
MMP-9 activities were measured by Coomassie blue staining
and the gel was imaged using an LAS 3000 (Fuji) (39).

Statistical analysis. All the experimental results were
obtained by repeating each experiment at least three times
and data are expressed as means + standard deviation.
Statistical significance was analyzed by one-way analysis of
variance (ANOVA) using the Dunnett's test or Turkey's post
hoc test in Prism 7 software (GraphPad Software, Inc.). A
P-value less than 0.05 (P<0.05) was considered statistically
significant.

Results

Anti-proliferative effects of PF in the cancer cells. MTT
and colony-forming assays were performed to evaluate
the anti-proliferative effects of PF in Hep3B and Huh7 cells.
As shown in Fig. 1A, PF significantly reduced the cell prolif-
eration of Hep3B and Huh7 cells in a dose-dependent manner.
The inhibitory effect of PF on cell proliferation was also
measured using a clonogenic assay. As shown in Fig. 1B and C,
PF significantly inhibited the colony formation of Hep3B and
Huh?7 cells in a dose-dependent manner. These results indicate
that PF had a significant inhibitory impact on the viability and
proliferation of HCC cell lines.

PF promotes the apoptosis of the HCC cells. To explore
whether PF induced cancer cell apoptosis, flow cytometry
was conducted. As shown in Fig. 2A and B, treatment with PF
significantly induced apoptosis in the Hep3B and Huh7 cells in
a dose-dependent manner compared to the control.
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Figure 1. PF inhibits the proliferation of Hep3B and Huh7 cells. (A) PF (10-40 xM) inhibited the proliferation of cells in HCC Hep3B and Huh7 as determined
by the MTT assay. (B) PF (20-40 M) inhibited the ability of Hep3B and Huh7 cell colony formation. (C) Quantitative analysis of the number of colonies
in PF-treated cells compared with that of the control group. Surviving colonies with >10 cells were counted. The data represents the results from three

independent experiment and expressed as mean + SE. “P<0.01,
HCC, hepatocellular carcinoma.

PF promotes apoptosis of HCC cells by reducing mitochon-
drial membrane potential (A¥m) and increasing ROS. The
present study demonstrated the mechanism of PF-induced
apoptosis on HCC cells (Hep3B and Huh7) by analyzing the
apoptosis-related proteins, and quantifying the mitochondrial
membrane potential (A¥m) and intracellular ROS levels. As
shown in Fig. 3A, western blot analysis revealed that PF signifi-
cantly decreased the expression of procaspase-3, procaspase-9,
PARP and anti-apoptotic protein Bcl2, whereas it increased
the expression of apoptotic proteins Bax, cleaved caspase-3,
cleaved caspase-9 and cleaved PARP in a dose-dependent
manner. The loss of mitochondrial membrane potential (AWm)
results in mitochondrial membrane permeabilization, which is
regarded as an important hallmark of early apoptosis and plays
a key role in the intrinsic apoptotic pathway (40-42). Therefore,
we further analyzed the disruption of the mitochondrial
membrane by PF. As shown in Fig. 3B, PF induced a signifi-
cant, concentration-dependent depletion of mitochondrial
membrane potential. Mitochondria are considered the main
source of ROS, which is considered a trigger of apoptosis (43).
Therefore, we determined the intracellular ROS generation in
Hep3B and Huh7 cells by assessing the DHE fluorescence
intensity after PF treatment. As shown in Fig. 3C, PF treat-
ment induced stronger fluorescence intensity in Hep3B and
Huh?7 cells compared to the control, which indicated increased
levels of ROS. These results suggest that PF induced apoptosis
of the Hep3B and Huh?7 cells by effects on the mitochondrial
apoptosis pathway.

PF inhibits the migration and invasion of HCC cells. The
migratory and invasive abilities of tumor cells are consid-
ered as significant hallmarks of HCC and play a key roles
in the metastasis of various tumors (44). To investigate

P<0.001, significant difference with respect to the control group. PF, Poncirus fructus;

whether PF exhibits anti-migratory and anti-invasion
effects, Transwell assays were performed. As shown in
Fig. 4A and B, the migratory ability of Hep3B and Huh7
cells was inhibited by PF treatment in a dose-dependent
manner. Consistently, the Transwell invasion assay showed
that PF treatment inhibited the number of invasive cells
(Fig. 4C and D).

Effects of PF on the expression of Pin 1, cyclin DI,
B-catenin I, and EMT marker. EMT is vital in tumor cell
growth, causing the invasion and metastasis of malignant
tumors (45). Therefore, the protein levels of Pin 1, cyclin D1,
and EMT markers such as -catenin, E-cadherin, vimentin,
N-cadherin, Snail, and a-SMA hepatic cancer cells were
evaluated. As shown in Fig. 5A, the treatment of Hep3B and
Huh7 cells with PF markedly increased the expression of
E-cadherin, whereas it decreased the levels of Pinl, cyclin D1,
p-catenin, N-cadherin, vimentin, Snail, and a-SMA in a
dose-dependent manner. These results suggested that PF
inhibited cancer cell progression by decreasing the EMT
process. A previous study demonstrated that matrix metallo-
proteinases (MMPs) such as MMP-2 and MMP-9 play crucial
roles in basement membrane degradation during tumor cell
invasion (46). Therefore, we determined the expression of
MMP-2 and MMP-9 in Hep3B and Huh7 cells. As shown in
Fig. 5B, PF treatment markedly downregulated the protein
levels of MMP-2 and MMP-9. To confirm whether the activi-
ties of extracellular MMPs were inhibited by PF, a gelatin
zymography assay was performed. As shown in Fig. 5C, PF
decreased the activities of MMP-2 and MMP-9 in the Huh7
culture medium. These results suggest that PF inhibits cancer
cell migration and invasion by attenuating the activities of
the metalloproteinases.
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Figure 2. PF induces HCC cell apoptosis. (A) Annexin V/propidium iodide (PI) staining of Hep3B and Huh7 cells after treatment with PF (20, 30 and 40 uM),
as determined by fluorescence-activated cell sorting (FACS) analysis. (B) Quantitative assessment (%) of the apoptotic cells. The data represents the results
from three independent experiment and expressed as mean + SE. "P<0.05, ““P<0.001, significant variation relative to the control group. PF, Poncirus fructus,

HCC, hepatocellular carcinoma.

Discussion

The advancements, discoveries, and successful trials of
plant-derived drugs have directed attention to treating
various cancers with agents with low toxicity to normal
cells. Poncirus fructus (PF) is a phytochemical compound
extracted from the dry, immature fruits of Poncirus trifoliate.
PF is traditionally used for the treatment of gastrointestinal
and vascular disorders in South Asia. Previous studies have
reported the use of PF for the clinical treatment of various
cancers (47). However, no strong evidence has been provided
on the molecular mechanism of the anticancer role of PF (35).
Several previous studies have shown that the pharmaco-
logical efficacy of these fruits depends on their maturity. The
previous studies on PF in cancer and non-cancer diseases are
documented in Table SI. Hepatocellular carcinoma (HCC) is
the most common malignancy in many countries, with a low
survival rate and a high rate of intrahepatic and extra-hepatic
metastasis (48,49). Hepatic cancer patients have high recur-
rence and mortality rates due to progression by tumor cell
migration and invasion (5). The present study showed the
antiproliferative and anti-invasive effects of PF by inducing
apoptosis in HCC Hep3B and Huh7 HCC cell lines. These

results suggest the potential of PF as a clinical agent for cancer
treatment.

We demonstrated that the high expression of Pinl,
peptidyl-prolyl cis/trans isomerase, in HCC was reduced by
treatment with PF. The dysregulation of PINI contributes to
pathological conditions including cancer (50). A number of
cancer markers such as cyclin DI, -catenin, and NF-xB/P65
are also correlated with the overexpression of PIN1 (15,51-54).
Several studies have indicated that Pin 1, B-catenin, and
cyclin D1 were involved in promoting the growth of HCC
by regulating cell proliferation and reducing the activity of
E-cadherin-mediated cell adhesion and thus, were correlated
with poorly differentiated disease in HCC patients (55-59). In
the present study, we found that PF inhibited epithelial mesen-
chymal transition (EMT) by reducing the expression of Pin 1,
[B-catenin, and cyclin D1. EMT plays a significant role in the
malignancy of tumors by reducing the ability of cells to bind
to the basement membranes, inducing a loss of epithelial cell
polarity, and acquiring elongated mesenchymal morphology
and migratory and invasive properties to become mesenchymal
stem cells (60-62). Transwell migration and invasion assays
are commonly used to evaluate EMT. During EMT, epithelial
cells acquire motile and invasive characteristics by increasing
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Figure 3. PF induces HCC cell apoptosis by increasing ROS and disrupting mitochondrial membrane potential. (A) Western blot analysis was utilized to
determine the levels of apoptosis-related proteins. (B) PF-induced changes in the mitochondrial membrane potential (AYm) of Hep3B and Huh7 cells were
determined with an ELISA reader after tetramethylrhodamine ethyl ester perchlorate (TMRE) staining. (C) The intracellular ROS levels in Hep3B and Huh7
cells after PF treatment. The cells were incubated with the ROS fluorescent probe, dihydroethidium (DHE), and evaluated using a confocal microscope. Scale

bar, 30 ym. The data represents the results from three independent experiment and expressed as mean + SE. "'P<0.001, significant difference with respect to
the control group. PF, Poncirus fructus; HCC, hepatocellular carcinoma; ROS, reactive oxygen species.
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Figure 4. PF inhibits HCC cell migration and invasion. (A and C) The effect of PF (20, 30 and 40 #M) on the migration and invasion abilities of Hep3B and
Huh7 cells was examined by Transwell assays. (B and D) Quantification of the migration and invasion abilities of the Hep3B and Huh7 cells compared to the
control. The chambers were stained with diff-quik stain kit, and the number of migrated or invaded cells were counted in five microscopic fields in each well
at a magnification of x200. “P<0.01, ““P<0.001, significant difference with regard to the control group. PF, Poncirus fructus; HCC, hepatocellular carcinoma.

mesenchymal properties, including the increased expression  and EMT transcriptional factors Slug and Snail, which result
of mesenchymal markers a-SMA, N-cadherin, and vimentin, in the loss of epithelial markers E-cadherin and ZO-1 (63).
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Figure 5. Effects of PF on the expression of Pinl, cyclin D1, -catenin and EMT markers in HCC Hep3B and Huh7 cells. (A) Evaluation of Pinl, cyclin D1,
B-catenin and EMT-associated protein expression by western blot analysis. (B) The protein levels of MMP-2 and MMP-9 in Hep3B and Huh7 cells after
PF treatment was detected by western blot analysis. (C) The detection of pro-MMP-2 and pro-MMP-9 activity in supernatants was determined by gelatin

zymography assay. PF, Poncirus fructus; HCC, hepatocellular carcinoma; MMP, matrix metalloproteinase.
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Figure 6. Schematic diagram of the proposed mechanism by which PF
exhibits anticancer effects by inducing ROS and disrupting mitochondrial
membrane potential, resulting in hepatic cancer cell apoptosis and tumor
growth suppression via inhibition of cancer cell invasion and migration
ability. ROS, reactive oxygen species; MMP, matrix metalloproteinase;
EMT, epithelial mesenchymal transition.

This study, demonstrated that PF inhibited the migration and
invasion of hepatic cancer cells. PF treatment also increased
the protein levels of E-cadherin and decreased the protein
levels of a-SMA, N-cadherin, and vimentin. The extracel-
lular matrix prevents the metastasis of tumor cells by acting
as a physical barrier, and its degradation plays a crucial role

in promoting tumor cell migration and invasion (64). MMPs
are important proteinases involved in extracellular matrix
degradation, and increased MMP expression was shown to
promote the invasion of tumor cells (65,66). MMPs such as
MMP-2 and MMP-9 are strongly expressed in metastatic
tumors and are responsible for the degradation of extracellular
matrix basic skeleton IV collagen (67,68). The present study,
showed that the expression of MMP-2 and MMP-2 in HCC
cells was adequately inhibited by PF treatment. Together, these
findings suggest that PF reduced HCC cell migration and inva-
sion by reducing the expression of Pinl, 3-catenin, and cyclin
D1 thereby inhibiting EMT and downregulating MMP-2 and
MMP-9 activity.

Apoptosis plays a key role in the elimination of dysfunc-
tional and damaged cells to maintain homeostasis. Numerous
evidence has shown that defects in apoptotic pathways
stimulate carcinogenesis and cancer cell survival (69).
Therefore, inducing apoptosis in tumor cells may be consid-
ered a potential therapeutic approach to treat cancers. There
are two main pathways for the initiation of apoptosis, the
intrinsic (mitochondria-mediated), and the extrinsic apop-
totic pathways (70). Previous studies indicate that proteins
of the Bcl-2 member family and caspase cascades perform
important regulatory roles in mitochondrial apoptosis (71).
The cytosolic localization of Bax pro-apoptotic proteins
combines with membrane-bound Bcl2 to create a heterodimer
that stabilizes the cytoplasmic localization of pro-apoptotic
proteins and inhibits apoptosis (72). However, the dissocia-
tion of Bax from the Bcl-2/Bax heterodimer by the number
of the apoptosis-inducing signals allows it to translocate to
the mitochondrial membrane to induce apoptosis (73). In
this study, we evaluated the effect of PF on apoptosis and
apoptosis-related proteins in HCC cell lines. Our data indicate
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that PF significantly increased the levels of pro-apoptotic
proteins, such as Bax, cleaved caspase-3, cleaved caspase-9
and cleaved PARP, whereas PF treatment decreased the levels
of caspase-3, caspase-9, PARP and anti-apoptotic Bcl-2 protein
in a concentration-dependent manner.

Mitochondria are associated with the regulation of
cellular apoptosis, tumorigenesis, and drug tolerance. Several
studies have reported that the mitochondrial signal transduc-
tion pathway has particular importance in the metabolism
of cellular energy and the initiation of apoptosis (74). The
depletion of mitochondrial membrane potential (A®m) and
increased membrane permeability are characteristics of mito-
chondrial injury. This process releases apoptogenic factors
from the mitochondria into the cytosol and reduces oxida-
tive phosphorylation, resulting in mitochondrial-mediated
apoptosis (75). Recent research has found that the excessive
production of ROS from mitochondria leads to mitochondrial
membrane depolarization, which induces apoptosis (76). In the
present study, PF treatment reduced mitochondrial membrane
potential, which resulted in excessive ROS production in
Hep3B and Huh7 cells and induced apoptosis. However, the
antitumor effects of PF need to confirmed by future studies
using an animal model.

The results of this study revealed that PF effectively inhib-
ited the proliferation and mediated the apoptosis of HCC cells
through the mitochondrial apoptotic pathway. In addition,
PF treatment exerted anti-migration and anti-invasive effects
on HCC cells by inhibiting EMT and reducing the levels of
MMP-2 and MMP-9. The findings that PF induced the apop-
tosis of Hep3B and Huh7 HCC cells by increasing ROS and
disrupting the mitochondrial membrane potential suggest the
potential of PF as a promising HCC drug candidate. In addi-
tion, PF reduced tumor growth and metastasis by inhibiting
cell proliferation and suppressing the migration and invasion
ability of Hep3B and Huh7 cells (Fig. 6). These results indicate
that Poncirus fructus could be a prospective candidate for
treating hepatic cancer.
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