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Abstract
Hepatocellular carcinoma (HCC) is the sixth most common malignancy with limited 
treatment options. Hinokiflavone (HF), a natural biflavonoid, has shown to inhibit the 
proliferation of melanoma, whereas its antitumour effect against HCC and the under-
lying mechanisms remain elusive. Here, we aimed at evaluating its antitumour effect 
against HCC in both in vitro and in vivo. Cell counting kit 8, colony formation assay, 
PI/RNase staining and Western blotting revealed that HF inhibited the proliferation 
of HCC cells via G0/G1 cell cycle arrest with p21/p53 up-regulation. DAPI staining, 
Annexin V-FITC/PI staining and Western blotting confirmed that HF triggered cas-
pase-dependent apoptosis. Moreover, HF increased the levels of mitochondrial reac-
tive oxygen species (mtROS) and activated c-Jun N-terminal kinase (JNK) pathway, as 
measured by MitoSOX Red staining and Western blotting. After respectively inhibit-
ing mtROS (Mito-TEMPO) and JNK (SP600125), HF-induced apoptosis was reversed. 
Additionally, Western blotting documented that HF suppressed nuclear factor kappa 
B (NF-κB) activity and the anti-apoptotic genes downstream, contributing to cell ap-
optosis. Finally, in vivo studies demonstrated that HF significantly impaired tumour 
growth in HCC xenograft. Collectively, these findings suggested that HF induced 
apoptosis through activating mtROS/JNK/caspase pathway and inhibiting NF-κB sig-
nalling, which may represent a novel therapeutic agent for treating HCC.
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1  | INTRODUC TION

Hepatocellular carcinoma (HCC) is the sixth most common cancers 
and a second leading cause of cancer-related deaths worldwide.1 
However, there has no effective chemotherapy for the treatment 
of HCC because of acquired chemoresistance.2 It is of great signif-
icance to screen novel antitumour compound to improve the sur-
vival rates in patients with HCC. Numerous herbal plant-derived 
natural compounds occupy a very important position in the area 
of cancer chemotherapy.3 Naturally occurring biflavonoids belong 
to a subclass of the plant flavonoid family and consist of a dimer 
of flavonoids connected with C-C or C-O-C bonds.4 Hinokiflavone 
(HF, Figure 1A), a biflavonoid with C-O-C connection, mainly iso-
lated from Selaginella tamariscina, Selaginella sinensis and Selaginella 
moellendorffii which were of extremely strong drought resistance, 
and widely distributed in China.5 It was reported that HF would 
be metabolized through the rupture of ether linkage between 
two units of flavone, glutamine conjugation and glycine conjuga-
tion in vivo.6 The particular metabolic pathways may contribute 
to the extensive various pharmacological activities of HF, such as 
anti-HIV-1 activity,7 anti-inflammatory activity 8 and antioxidant 
activity.9

Noteworthily, the anticancer activity of HF has attracted much 
attention.10,11 Recent study has shown that HF can be acted as an 
inhibitor of mRNA spliceosomes in human cancer cells, interfering 
with the post-transcriptional translation process and inducing tu-
mour cell death.12 Moreover, the biflavonoid HF has been reported 
to induce apoptosis through the reactive oxygen species (ROS)-
mediated apoptosis in melanoma.13 However, most of pre-clini-
cal researches on the antitumour effect of HF have not clarified 
its specific targeted signalling pathways. Excessive amounts of 
ROS may trigger the activation of c-Jun N-terminal kinase (JNK), 
a stress-activated protein kinase of the mitogen-activated protein 
kinase (MAPK) family,14 which is a key modulator in mitochon-
dria-mediated intrinsic apoptotic pathways.15 In addition, pre-clin-
ical research indicated that the application of HF for the treatment 
of inflammatory bowel diseases, due to its potential role in the inhi-
bition of nuclear factor kappa B (NF-κB) and extracellular regulated 
kinase (ERK)1/2 signalling.8 Abrogation of NF-κB activation is con-
sidered as an effective therapeutic approach for the prevention and 
treatment of human HCC.16 Thus, all these pre-clinical researches 
indicate the huge potentiality of HF against HCC. Although most of 
pre-clinical researches indicate the huge potentiality of HF for the 
development of new antitumour drugs, the anticancer effect for 
HCC is not very clear and needs more investigations.

Here, we first comprehensively investigated the potent antitu-
mour efficacy of HF against human hepatoma cells and the underly-
ing molecular mechanisms both in vitro and in vivo. We found that 
HF showed a strong growth inhibitory effect against two HCC cell 
lines (SMMC-7721 and HepG2). Further study had proved that HF 
induced G0/G1 phase arrest and caspase-dependent mitochondrial 
apoptosis. The mitochondrial ROS (mtROS)/JNK/caspase signalling 
pathway played a crucial role in HF-induced apoptosis. Taken to-
gether, our discovery opens up a new source of potential therapeu-
tic drugs for clinical treatment of HCC and explains the molecular 
mechanism behind HF.

2  | MATERIAL S AND METHODS

2.1 | Reagents, chemicals and antibodies

Hinokiflavone (HF) with purity >98% was purchased from Chengdu 
Herb purify Co., Ltd., batch number: B-051-180730. A stock solu-
tion of HF at 200  mmol/L concentration was prepared in DMSO 
(Sigma) and stored at −20°C. Broad-spectrum caspase inhibitor (z-
VAD-FMK), caspase-3 specific inhibitor (z-DEVD-FMK), caspase-9 
specific inhibitor (z-LEHD-FMK), JNK inhibitor (SP600125) and 
p38 inhibitor (SB202190) were procured from MedChemExpress. 
Dulbecco's modified Eagle's medium (DMEM), foetal bovine serum 
(FBS), penicillin-streptomycin, phosphate buffered saline (PBS) and 
0.25% trypsin were obtained from Gibco/BRL. The primary an-
tibodies such as CDK4, CDK6, cyclin D1, CDK2, cyclin E, p21Cip1, 
p53, p-p53 Ser15, cleaved caspase-3, cleaved caspase-9, cleaved 
poly (ADP-ribose) polymerase (c-PARP), B cell lymphoma 2 (Bcl-2), 
Bcl-2 associated x (Bax), cytochrome c (cyt c), p-p38, p38, p-JNK, 
JNK, c-Jun, p-IKBα, IKBα, p-p65, p65 and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) were provided by Cell Signaling 
Technology. The antibodies IAP1/2, XIAP were provided by Abcam, 
and c-FLIP was provided by santa cruz biotechnology.

2.2 | Cell culture

Human HCC cell line SMMC-7721 and the normal hepatic cell 
line LO2 were gifted from the Institute of Clinical Translational 
Research, Shanghai General Hospital. HepG2 cell line was ob-
tained from Cell Bank of Shanghai Institute of Biochemistry and 
Cell Biology, Chinese Academy of Sciences. All of these cells were 
cultured in high-glucose DMEM supplemented with 10% FBS and 

F I G U R E  1   HF inhibits cell proliferation and induces G0/G1 phase cell cycle arrest in human HCC cells. (n = 3, x ± s). A, The chemical 
structure of Hinokiflavone (C30H18O10). B, The antitumour effect of HF on SMMC-7721, HepG2 cells was measured with the CCK8 assay. 
*P < .05, **P < .01, ***P < .001 vs the control group. C, The IC50 values of HF for SMMC-7721, HepG2 and LO2 cells, respectively in 24, 48 
and 72 h. **P < .01 vs 24 h IC50 for LO2, ### P < .001 vs 48 h IC50 for LO2, &&&P < .001 vs 72 h IC50 for LO2. D, Colony formation assay of 
SMMC-7721 and HepG2 cells with control, HF. ***P < .001 vs the control group. E, The cell cycle of SMMC-7721 and HepG2 cells exposed 
to HF (0, 20, 40 and 60 µmol/L) for 24 h were detected followed by flow cytometry assay. ***P < .001 vs G0/G1 phase of control. F, Western 
blotting was used to analyse the protein expression of G0/G1 phase-related proteins. *P < .05, **P < .01, ***P < .001 vs the control group. 
0.1% DMSO served as vehicle control or 0 µmol/L
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1% penicillin-streptomycin (100 U/mL of penicillin and 100 µg/mL 
for streptomycin) and maintained at 37°C in a humidified atmos-
phere with 5% CO2. The cells of logarithmic growth period, which 
grow up to about 80%-90% confluency in the culture dish, can be 
used for experiments.

2.3 | Cell viability assay

Cell counting kit 8 (CCK8) assay (Dojindo) was used to measure anti-
proliferative effect of HF. Briefly, SMMC-7721 and HepG2 cells cul-
tured in 96-well plates were treated with different concentrations of 
HF (0, 10, 20, 30, 40, 60, 80 and 100 µmol/L). LO2 cells were treated 
with different concentrations of HF (0, 10, 20, 40, 80, 120,160, 240 
and 320 µmol/L). After 24, 48 or 72 hours, cells in each well were 
incubated with 10% CCK8 working solution for another 1 or 2 hours 
at 37°C. Absorbance was measured at 450 nm wavelength in each 
well using a microplate reader (Bio-Tek). Data are represented as the 
mean of five replicates.

2.4 | Cell cycle analysis

The effect of HF on cell cycle stages was analysed by flow cytom-
eter (BD Accuri C6) with PI/RNase staining buffer (BD Biosciences). 
Briefly, cells at a density of 4 × 105 cells per well were plated on six-
well plates and treated with increasing concentrations (0, 20, 40 and 
60 µmol/L) of HF for 24 hours. After treatment, cells were harvested 
into single cell suspension and fixed in 500 µL of 70% cold ethanol 
at −20°C for at least 4 hours. Before flow cytometry analysis, cells 
were washed with PBS and stained with PI/RNase staining buffer 
for 15  minutes. The data were analysed with ModFit LT software 
(FACS Calibur).

2.5 | Morphological evaluation

4′,6-diamidino-2-phenylindole (DAPI) staining was performed to 
observe morphological characteristics of apoptotic cells. In brief, 
cells were exposed to HF for 48  hours and then fixed with 4% 
paraformaldehyde for 30  minutes. The cells were washed with 
PBS and treated with 100  µL of DAPI (Beyotime Biotechnology) 
for 10  minutes at room temperature in the dark. After washing 
twice with PBS, the cells were assessed under a fluorescence mi-
croscope (Leica) to observe nuclear fragmentation and chromatin 
condensation.

2.6 | Apoptosis detection by flow cytometry

The percentage of apoptotic cells was assessed by flow cytom-
etry using an Annexin V-FITC/PI apoptosis detection kit (BD 
Pharmingen). Briefly, cells were seeded in six-well plates at a den-
sity of 4 × 105 cells per well, and the adherent cells were treated 
with HF (0, 20, 40 and 60 µmol/L) for 48 hours. Both floating and 
adherent cells were collected. After washing twice with cold PBS, 
cells were resuspended in 1× binding buffer and incubated with 
5 µL of Annexin V-FITC and 5 µL of PI for 15 minutes at room tem-
perature in the dark. Samples were analysed by flow cytometry 
within 1 hour of the staining procedure.

2.7 | Clone formation assay

The detailed methods of clone formation assay were in Appendix 
S1.

2.8 | Measurement of MMP

Mitochondrial membrane potential (MMP, Δψm) was meas-
ured with the mitochondrion-specific cationic fluorescence dye 
JC-1 (Beyotime Biotechnology). See Appendix S1 for detailed 
methods.

2.9 | Measurement of mitochondrial ROS

MitoSOX Red dye (Invitrogen Life Technologies, M36008) was 
used to determine the mtROS level. See Appendix S1 for detailed 
methods.

2.10 | Western blot analysis

Western blot was performed using standard protocols. The detailed 
methods were described in Appendix S1.

2.11 | Immunofluorescence and nuclear staining

Immunofluorescence was used to examine the changes in the sub-
cellular localization of p65 after HF treatment. See Appendix S1 for 
detailed methods.

F I G U R E  2   HF induces caspase-dependent intrinsic apoptotic pathway in human HCC cells. (n = 3, x ± s). A, DAPI staining and 
fluorescence microscopy were used to detected apoptotic nuclear morphology induced by HF. Magnification of ×100, scale bars = 200 µm. 
Red arrows indicate chromatin and nuclear fragmentation. B, The apoptotic rates of HCC cells exposed to HF were measured and analysed 
by flow cytometry using Annexin V-FITC/PI staining. **P < .01, ***P < .001 vs the control group. C, D, The expression levels of cleaved PARP, 
cleaved caspase-3, cleaved caspase-9, Bcl-2, Bax and cyt c proteins were analysed by Western blotting. E, F, Annexin V-FITC/PI staining and 
flow cytometry were used to detected the apoptotic rates of SMMC-7721 and HepG2 pre-incubated with z-VAD-FMK, Z-DEVD-FMK or 
Z-LEHD-FMK for 4 h, before treatment with HF. ***P < .001 vs the HF group
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2.12 | HCC xenograft experiment

Twenty-four male BALB/c-nu athymic mice (Shanghai SLAC 
Laboratory Animal Co., Ltd., Certificate) at 4  weeks of age were 
housed in a standard animal laboratory supplied with sterilized water 
and food. All animal-related procedures were in strict accordance 
with the PR China legislation on the use and care of laboratory ani-
mals and were approved by the Animal Care and Use Committee 
of Shanghai General Hospital, Shanghai, China. The detailed meth-
ods of HCC xenograft and drug administration were described in 
Appendix S1. Tumour volume was measured every other 4 days with 
a sliding caliper until animals were killed to observe dynamic changes 
in tumour growth, and it was calculated by a standard formula as 
follows: length × width2/2. After completion of drug administration, 
all animals continued to be kept in normal feeding for another week, 
and then, the tumour tissues were excised from the euthanized mice, 
weighed and fixed in 5% formalin for immunohistochemical analysis, 
H&E staining and TUNEL assay.

2.13 | Data statistics

All data were presented as mean ± standard deviation (mean ± SD). 
Statistical significances were determined by GraphPad Prism version 
5 (GraphPad Software, Inc). Student's t test was used to compare the 
control and treatment groups, and multiple comparisons were per-
formed using one-way ANOVA. P-values below .05 were considered 
statistically significant.

3  | RESULTS

3.1 | HF inhibits cell proliferation and induces G0/
G1 cell cycle arrest in human HCC

Hinokiflavone (HF) significantly decreased the viability of SMMC-
7721 and HepG2 cells in a time- and dose-dependent manner 
(Figure  1B). As shown in Figure  1C, IC50 values for SMMC-7721 
were 74.4 ± 8.1 µmol/L (24 hours), 60.3 ± 2.9 µmol/L (48 hours) and 
33.0  ±  2.6  µmol/L (72  hours), while that for HepG2 were, respec-
tively, 80.8 ± 2.6 µmol/L (24 hours), 57.5 ± 5.3 µmol/L (48 hours) and 
28.1 ± 2.7 µmol/L (72 hours). As shown in Figure 1C and Figure S1, 
The IC50 values of HF for LO2 cells were 159.1  ±  5.6  µmol/L 
(24  hours),104.7  ±  4.5  µmol/L (48  hours) and 75.7  ±  2.8  µmol/L 
(72  hours), showing much lower cytotoxicity compared to HCC 
cells. Moreover, colony formation assay showed that the number of 

colonies formed of SMMC-7721 and HepG2 cells significantly re-
duced with the increasing concentrations of HF (Figure 1D). These re-
sults confirmed the anti-proliferation activity of HF against HCC cells. 
Additionally, the results of cell cycle analysis revealed that HF induced 
an increase in the percentage of cells in G0/G1 phase (Figure 1E), with 
down-regulation of cyclin D1, cyclin-dependent kinase 4 (CDK4), 
and cyclin-dependent kinase 6 (CDK6) and up-regulation of total 
p53 along with p-p53 ser15 and p21Cip1 (Figure 1F). Taken together, 
these results showed that HF-induced G0/G1 phase arrest may be ac-
counted for the anti-proliferative effect against HCC cells.

3.2 | HF induces caspase-dependent intrinsic 
apoptotic pathway in human HCC

DAPI staining revealed that HF increased blue fluorescence intensity 
of DAPI of nucleus (Figure 2A), which indicated that HF may trigger 
different degrees of cell shrinkage, nuclear fragmentation and chro-
matin condensation. Annexin V-FITC/PI double staining with flow 
cytometry analysis showed that the rate of early and late apoptotic 
cells increased after treatment with HF in a dose-dependent manner 
for 48 hours (Figure 2B). In addition, the expression levels of cleaved 
PARP, cleaved caspase-3 and cleaved caspase-9 were increased in 
SMMC-7721 and HepG2 (Figure 2C, D, Figure S2C). Furthermore, 
we pre-treated HCC cells with a pan-caspase inhibitor z-VAD-FMK 
(50 µmol/L), specific caspase-3 inhibitor z-DEVD-FMK (100 µmol/L) 
and specific caspase 9 inhibitor z-LEHD-FMK (50  µmol/L) for 
4 hours, followed by treatment with HF (40 µmol/L) for 24 hours to 
determine whether HF induced caspase-dependent apoptosis. Our 
results show that Z-VAD-FMK, z-DEVD-FMK and z-LEHD-FMK re-
spectively reduced the proportion of apoptosis in response to HF 
by 11.97%, 13.37% and 12.93% for SMMC-7721, and by 11.53%, 
14.57% and 11.23% for HepG2 (Figure  2E, F). These results sug-
gested that HF may induce caspase-dependent apoptosis in HCC.

Considering mitochondria play a key role in intrinsic apoptotic 
pathway. We used JC-1, a mitochondrion-specific fluorescent 
probe, to detect MMP (Δψm) with flow cytometry and fluorescence 
microscopy. Compared with the corresponding control, HF caused 
an obvious decrease of MMP (Δψm) as evident from the decrease 
in the intensity ratio of red fluorescence and green fluorescence 
in both HCC cells (Figure  S2A, B). Moreover, with depolarization 
of mitochondria, there was a decrease in the expression ratio of 
mitochondria-associated protein Bcl-2/Bax and an increase in the 
accumulation of cyt c in the cytoplasm (Figure 2C, D, Figure S2D). 
Thus, HF induces caspase-dependent apoptosis through activation 
of the inner mitochondria-mediated apoptotic pathway.

F I G U R E  3   HF-induced apoptosis involves JNK activation in human HCC cells. (n = 3, x ± s). A, B, The expressions of MAPKs proteins in 
SMMC-7721 and HepG2 cells were analysed by Western blotting. *P < .05, **P < .01, ***P < .001 vs the control group. C, Annexin V-FITC/
PI staining and flow cytometry were used to detected the apoptotic rates of SMMC-7721 and HepG2 pre-incubated with SP600125 
(10 µmol/L) for 3 h, before treatment with HF (40 µmol/L) for 24 h. ***P < .001 vs the HF group. D, HepG2 cells were given the same 
treatment in Figure 5C. The expression of p-JNK, JNK, Bcl2, Bax, cleaved PARP and cleaved caspase-3 was determined by Western blotting. 
***P < .001 vs the HF group
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F I G U R E  4   MtROS contributes to JNK-mediated caspase-dependent apoptosis induced by HF. (n = 3, x ± s). A, MitoSOX Red dye 
staining and fluorescence microscope were used to determine the level of mitochondrial ROS of HCC cells treated with HF in the presence 
or absence of Mito-TEMPO. Magnification of 400×, scale bars = 25 µm. B, Annexin V-FITC/PI staining and flow cytometry were used to 
detected the apoptotic rates of SMMC-7721and HepG2 pre-incubated with Mito-TEMPO for 4 h, before treatment with HF. ***P < .001 
vs the HF group. C, D, HepG2 cells were given the same treatment in Figure 6B. Expression of p-JNK, JNK, Bcl2, Bax, cleaved PARP and 
cleaved caspase-3 was determined by Western blotting. ***P < .001 vs the HF group. E, F, MitoSOX Red dye staining and flow cytometry 
were used to detect the mitochondrial ROS of HepG2 pre-incubated with SP600125, z-DEVD-FMK or Mito-TEMPO for 4 h, before 
treatment with HF. Statistical analysis of the mean fluorescence intensity in F. ***P < .001 vs the HF group

F I G U R E  5   HF-induced apoptosis involves the inhibition of NF-κB activity in human HCC cells. (n = 3, x ± s). A, B, Western blot analysis 
demonstrates the levels of p-IKBα, IKBα, p-p65 and p65 in SMMC-7721 and HepG2 cells treated with HF. Mean optical density of p-IKBα/
IKBα and p-p65/p65 was quantified by Image-Pro Plus. **P < .01, ***P < .001 vs control. C, For assessing nuclear translocation of p65, 
immunofluorescence microscopy was performed to examine the translocation of NF-κB/p65 subunit, as described in section of Materials 
and Methods. Magnification, 630×. Scale bar, 50 µm. D, The expression levels of cIAP1/2, XIAP and cFILP were examined by Western blot 
analysis. Each experiment was performed in triplicates. *P < .05, **P < .01, ***P < .01 vs control
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3.3 | HF-induced apoptosis involves activation of 
JNK in human HCC

Western blotting was used to examine the potential effect of HF 
on MAPK pathway. Interestingly, HF treatment induced the activa-
tion of JNK and p38 in a dose-dependent manner (Figure  3A, B). 
To further test the role of JNK and p38 activation on HF-induced 

apoptosis, HCC cells were pre-treated with 10  µmol/L SP600125 
(JNK inhibitor) or 20 µmol/L SB202190 (p38 inhibitor) for 3 hours, 
followed by treatment with 40 µmol/L HF for 24 hours. Addition of 
SP600125 remarkably reversed HF-induced apoptosis by 13.00% in 
SMMC-7721, and by 10.04% in HepG2 (Figure 3C), whereas there 
was on obvious effect on HF-induced apoptosis in response to pre-
treatment with SB202190 (Figure S3).

F I G U R E  7   Potential anticancer mechanism of HF for HCC. A, Schematic showing the anticancer mechanism for hinokiflavone in 
hepatocellular carcinoma (HCC) cells. Hinokiflavone (HF) suppressed cell proliferation by G0/G1 cell cycle arrest through up-regulating 
the expression level of p53, p-p53 ser15 and p21Cip1 proteins and decreasing the activation of G0/G1 phase-related cell cycle regulatory 
proteins. B, HF triggered the increased production of mitochondrial reactive oxygen species (mtROS), which activated c-Jun N-terminal 
kinase (JNK) pathway, and subsequently attenuated the decrease of ratio of Bcl/Bax protein expression, further contributing to the 
caspase-dependent mitochondrial apoptosis. C, HF significantly inhibited the activation of nuclear factor kappa B (NF-κB) signalling, which 
contributed to caspase-dependent apoptosis through suppressing the expression of NF-κB target anti-apoptotic genes, including cellular 
inhibitor of apoptosis 1 and 2 (cIAP1/2), X-linked inhibitor of apoptosis (XIAP) and cellular FLICE-inhibitory protein (c-FLIP)

F I G U R E  6   HF inhibits tumorigenesis of HCC xenograft in vivo. (n = 5, x ± s). A, BALB/c-nu mice bearing SMMC-7721 xenografts were 
intraperitoneally treated with 10% DMSO (negative control) or HF (4 or 8 mg/kg) every other day for ten times. B, C, Tumour sizes and 
bodyweights were measured every fourth day for 25 days. *P < .05, ***P < .001 vs the control group. D, Photographs of the resulting 
tumours excised from HCC subcutaneous xenografts. E, Statistical analysis of the tumour weights. *P < .05, ***P < .001 vs the control group. 
F, The level of cleaved PARP, cleaved caspase-3, p-JNK and JNK in tumour xenograft tissues was detected by Western blotting. **P < .01, 
***P < .001 vs the control group. G, The apoptotic status in tumour tissues was assessed with TUNEL assay. Magnification of 200×, scale 
bars = 50 µm. H, H&E staining was used for histological analysis. The expression levels of cleaved PARP, cleaved caspase-3 and p-JNK were 
examined by immunohistochemistry. Magnification of 400×, scale bars = 25 µm. I, Tissue sections of heart, livers, lungs and kidneys of HF-
treated nude mice, as determined by H&E staining. Magnification of 400×. scale bars = 25 µm
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Moreover, SP600125 attenuated the decrease of ratio of Bcl/
Bax protein expression in response to HF as well as resulted in re-
duction of cleaved caspase-3 and cleaved PARP (Figure 3D). These 
results indicated the activation of JNK plays a critical role in HF-
induced caspase-dependent apoptosis in HCC cells.

3.4 | MtROS production contributes to JNK-
mediated caspase-dependent apoptosis induced by 
HF in human HCC

Intracellular ROS is an important regulator of apoptosis induc-
tion.17 Mitochondrion is regarded as the major source and target 
of ROS, which contributes to activate caspase-dependent apop-
tosis.18 MitoSOX Red (a novel mtROS specific probe) was used 
to target the detection of ROS superoxide radicals in the mito-
chondria. Treatment with HF resulted in an increase in the fluo-
rescence intensity of MitoSOX Red in both HCC cells, whereas 
the increased fluorescence intensity attenuated in response to 
mitochondrion-targeted triphenylphosphonium-conjugated an-
tioxidant (Mito-TEMPO, a specific mitochondrion-targeting anti-
oxidant, Sigma-Aldrich) (Figure  4A). Moreover, pre-treatment of 
antioxidant Mito-TEMPO (100 µmol/L) respectively reversed the 
HF-induced apoptosis proportion by 10.17% in SMMC-7721, and 
by 10.23% in HepG2 cells (Figure  4B). In addition, Mito-TEMPO 
almost blocked HF-induced the prolonged activation of JNK, de-
crease of Bcl-2/Bax ratio, activation of caspase-3 and cleavage 
of PARP1 (Figure  4C, D). Moreover, pre-treatment of cells with 
Mito-TEMPO significantly reduced the ROS production induced 
by HF, whereas ROS level remained unchanged in response to pre-
treatment with SP600125 or z-DEVD-FMK (Figure 4E, F). These 
results proved that HF-induced mtROS production contributed 
to activate JNK signalling, which further triggered the caspase-
dependent apoptosis in human HCC.

3.5 | HF-induced apoptosis is mediated through the 
inhibition of NF-κB signalling in human HCC

Studies show that NF-κB is a heterodimer transcription factor con-
sisting of p50 and p65, and the expression of p65 in human HCC 
tissues is much higher than that in the surrounding non-tumour liver 
tissue.19 To detect whether HF could attenuate NF-κB/p65 activity 
in HCC, the expression of p-IKBα, IKBα, p-p65 and p65 after treat-
ment with various concentrations of HF (20, 40 and 60 µmol/L) for 
48  hours was detected with Western blotting. It was shown that 
HF suppressed the phosphorylation of IKBα and p65 in HCC cells 
in a dose-dependent manner (Figure  5A, B). The fluorescence im-
ages of p65 shown in Figure  5C revealed that HF induced a sub-
stantial decrease in the nuclear localization of p65 in HepG2 cells. 
The expression levels of several anti-apoptosis-related NF-κB target 
genes (cIAP1/2, XIAP and c-FLIP) were remarkably decreased after 
treatment with HF (Figure 5D). These data suggest that HF-induced 

apoptosis involves the inhibition of NF-κB activation through the 
suppression of IKBα phosphorylation and p65 nuclear translocation 
in HCC cell lines.

3.6 | HF inhibits tumorigenesis of HCC xenograft 
in vivo

To determine the anticancer effect of HF on HCC in vivo, HCC 
xenografts were established by subcutaneously transplanting 
SMMC-7721 cells into the right flank of BALB/c-nu mice. Eighteen 
mice were randomly divided into three groups (control, 4  mg/kg 
HF, 8 mg/kg HF) until tumour reached about 50 mm3, and admin-
istered i.p. every other day for ten times (Figure  6A). One mouse 
of the control group died of fighting, without any anatomical and 
pathological abnormalities by autopsy. HF significantly inhibited 
the growth of tumour (Figure 6B, D), but had no significant effect 
on bodyweight (Figure 6C). The average size (or weight) of the tu-
mours in HF 4 mg/kg, and HF 8 mg/kg group was reduced to 831.8 
mm3 (or 0.76 g) and 523 mm3 (or 0.28 g), compared to 1604 mm3 
(or 1.22  g) in control group (Figure  6B, E). Furthermore, HF up-
regulated the expression levels of cleaved PARP, cleaved caspase-3 
and p-JNK (Figure 6F). Terminal deoxynucleotidyl transferase dUTP 
nick-end labelling (TUNEL)-positive cells significantly increased in 
HF group, consistent with the results of in vitro studies (Figure 6G). 
Immunohistochemistry of HF-treated tumour tissue demonstrated 
positive expression of cleaved PARP, cleaved caspase-3 and p-JNK 
(Figure 6H). Haematoxylin and eosin (H&E) staining of the excised 
organs revealed no alteration in the histological pattern for heart, 
liver, spleen, lungs and kidneys in all groups, suggesting that HF had 
no major organ-related toxicity (Figure  6I). Above results demon-
strate that HF inhibits the growth of human HCC in vivo.

4  | DISCUSSION

Numerous reports have highlighted the potent antitumour activi-
ties of natural active compounds for cancer chemoprevention and 
treatment.3 Our present study clearly demonstrated HF inhibits the 
proliferation of human HCC cells, such as SMMC-7721 and HepG2, 
but has low cytotoxicity against normal human hepatocyte LO2 
cells, suggesting a selective antitumour action of HF to some degree 
(Figure 1B, C). Moreover, we further comprehensively investigated 
the detailed molecular mechanism for anticancer effects of HF on 
HCC both in vitro and in vivo.

Deregulation of cell cycle regulation is an important hallmark 
of tumour progression. Cell cycle arrest followed by apoptosis in-
duction may be an effective strategy of anticancer drugs against 
uncontrolled proliferation of cancer cells.20 The results of cell 
cycle analysis with flow cytometry showed that HF increased the 
proportion of cells in G0/G1 phase (Figure  1F). The progression 
of eukaryotic cell cycle is controlled through various CDK com-
plexes via phosphorylation of downstream target proteins. Cyclin 
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D1-CDK4/6 complexes play important roles in the progression 
of cell entry in G1 phase, whereas the CDK2-cyclin E complex 
is essential for the transition from G0/G1 to S cell phase.21,22 
Consistent with the flow cytometry results, HF significantly re-
duced the expression levels of G0/G1 phase-related regulatory 
proteins (including CDK4, CDK6, cyclin D1, cyclin E and CDK2)
(Figure  1F). It has reported that the p53 tumour suppressor can 
be activated by phosphorylation at ser15 (various stress stimuli 
response), which can coordinates an adaptive gene expression 
programme of P21Cip1, leading to growth arrest or cell death. As 
P21Cip1 negatively regulate the activity of cyclin D1-CDK4/6 and 
cyclin E-CDK2 complexes, thereby inducing G0/G1 cell cycle ar-
rest.21,23,24 Interestingly, we found increased expression levels of 
total p53 along with p-p53 ser15 and p21Cip1 after treatment with 
HF in HCC cells (Figure 1F). Thus, these results demonstrate that 
HF induces the G0/G1 phase arrest through activating the p53/
p21Cip1 signal pathway and decreasing the expression of G0/G1 
phase-related cell cycle regulatory proteins in HCC cells.

Apoptosis is a critical type of cell death process activated by 
various chemotherapeutic agents against human cancers,25 which is 
characterized with cell membrane blebbing, cell shrinkage, chroma-
tin condensation and nuclear fragmentation.26 At molecular levels, 
apoptosis is mainly regulated by the cell surface death receptor-di-
rected extrinsic apoptotic pathway and the mitochondria-mediated 
intrinsic apoptotic pathway,27 which both activate the aspartate-spe-
cific cysteine protease (caspase) cascade, ultimately resulting in 
the cleavage of caspase-3 and critical cellular proteins (PARP).28 
Caspase-9 is an important intracellular amplifier of caspase signal-
ling downstream of mitochondria in the intrinsic apoptosis pathway. 
Our results revealed that HF triggered the activation of caspase-9, 
caspase-3 and subsequent cleavage of PARP1 (Figure 2C, D), as well 
as the result that the caspase inhibitor reversed HF-induced apopto-
sis in SMMC-7721 and HepG2 cells (Figure 2E, F), suggesting that HF 
could induce caspase-dependent apoptosis in HCC cells. Moreover, 
the increased level of cleaved caspase-3 was also confirmed in HF-
treated tumour tissues with Western blot and immunohistochemical 
analysis (Figure 6F, H). The intrinsic apoptotic pathway can be acti-
vated by expression of several mitochondrial molecular targets, such 
as B cell lymphoma 2 family (Bcl-2, Bax), cytochrome c (cyt c) and 
caspases in response to cellular stress, hypoxia and ROS.29 The tran-
sition of reduced expression ratio of Bcl-2 and Bax proteins (Bcl-2/
Bax) leads to a sharp decrease in mitochondrial membrane potential, 
which subsequently contribute to cyt c release from the mitochon-
drial intramembrane space to the cytosol, thereby activating the cy-
tosolic caspases.30 In the present study, we detected the decrease in 
the ratio of Bcl-2/Bax, as well as an increase in the accumulation of 
cyt c in HCC cells exposed to HF (Figure 2C, D, and Figure S2D). The 
decrease in MMP induced by HF was also well observed (Figure S2A, 
B). Thus, HF-induced cell apoptosis may be mediated through the 
intrinsic mitochondrion-mediated apoptotic pathway.

The mitogen-activated protein kinases (MAPKs) family, includ-
ing extracellular regulated kinase (ERK) 1/2, JNK and p38, are me-
diators of cellular responses to extracellular signals. JNK and p38 

MAPKs closely associated with cell apoptosis, which can be induced 
by chemical-triggered stress responses.31,32 To investigate the up-
stream pathways involved in HF-induced cell death, the effects of 
HF on MAPK activation were examined. We found that HF induced a 
sustained activation of JNK and p38 phosphorylation in SMMC-7721 
and HepG2 cells (Figure 3A, B). A large number of literature have 
proved that the active JNK signalling could initiate the mitochon-
drion-derived apoptosis via modulation of the expression of pro- or 
anti-apoptotic proteins (Bax and Bcl-2) translocated onto mitochon-
dria.15,33 Interestingly, we found that the inhibition of JNK with 
SP600125 significantly reversed HF-induced apoptosis (Figure 3C), 
and attenuated the decrease of ratio of Bcl/Bax protein expression, 
activation of caspase-3 and cleavage of PARP1 in response to HF 
(Figure 3D). These results indicate the activation of JNK trigger HF-
induced caspase-dependent mitochondrial apoptosis in HCC.

ROS, as an active form of oxygen, is derived from NADPH ox-
idase 3 (NOX3) and mitochondrion during cellular metabolism.18,34 
Oxidative stress, caused by intracellular excessive amounts of ROS, 
is an important regulator of mitochondrion-mediated apoptotic 
pathways.35,36 Our study shown that ROS presumably generated 
through mitochondria accumulated after HF treatment (Figure 4A); 
the blocking of mtROS accumulation with Mito-TEMPO almost com-
pletely reversed HF-induced apoptosis (Figure 4B). The inhibition of 
mtROS with Mito-TEMPO almost blocked HF-induced the prolonged 
activation of JNK, decrease of Bcl-2, increase of Bax and activation 
of caspase-3, and cleavage of PARP1 (Figure 4C, D). Furthermore, 
the pre-treatment of cells with Mito-TEMPO significantly alleviated 
the generation of ROS; however, the JNK inhibitor (SP600125) and 
caspase 3 inhibitor (z-DEVD-FMK) failed to induce change in the 
increased level of ROS in response to HF, indicating that ROS pro-
duction occurs upstream of JNK and caspase activation (Figure 4E, 
F). Taken together, we illustrate that HF triggered apoptosis of HCC 
cells through the activation of caspase-dependent pathway medi-
ated via the mtROS/JNK/caspase pathway.

It is known that targeted suppression of NF-κB activity can 
disrupt the anti-apoptotic functions and proliferative activity 
of HCC cells, which has been regarded as a useful cancer thera-
peutic approach to prevent the progression of HCC carcinogene-
sis.16 Interestingly, our investigation indicated that HF treatment 
remarkably inhibited NF-κB activity through the suppression of 
IKBα phosphorylation and p65 nuclear translocation in HCC cell 
lines (Figure 5A–C). cIAP1/2, XIAP and c-FLIP are the transcription 
and expression products of NF-κB target genes that contribute to 
the cell proliferation and the resistance to apoptosis by suppress-
ing caspase activation.37 Consistently, the expression of IAP1/2, 
XIAP and c-FLIP were significantly down-regulated following HF 
treatment in HCC cell lines (Figure 5D). All these results supported 
our hypothesis that HF-induced apoptosis partly associated with 
the inhibition of NF-κB activity in HCC. Additionally, cumulative 
evidences have suggested the suppression of NF-κB pathway in-
creases the level of intracellular ROS by up-regulating expression 
of antioxidant proteins such as Cu-Zn-superoxide dismutase, Mn-
superoxide dismutase and glutathione S transferase Pi.34 Thus, 
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we still need further investigation to elucidate the correlation be-
tween the suppression of NF-κB and the accumulation of ROS in 
response to HF, which will provide a more accurate explanation to 
the anticancer efficacy of HF for HCC.

In conclusion, we demonstrated the antitumour effects of HF on 
HCC cells in vitro and in vivo, and confirmed that HF significantly 
suppressed cell proliferation by G0/G1 cell cycle arrest and subse-
quently induced cell apoptosis through the activation of mtROS/
JNK/caspase-mediated intrinsic apoptotic pathways and the in-
hibition of NF-κB signalling pathway in HCC. Additionally, we also 
showed that HF decreased tumour growth in BALB/c-nu mice bear-
ing HCC cell xenografts (Figure 6). Histopathological data showed 
no significant histological alterations in the heart, liver, lungs and 
kidneys from BALB/c-nu mice treated with HF, indicating that HF 
was well-tolerated and induced no obvious systemic toxicity in the 
tested animals. Overall, our study provides an insight into the molec-
ular mechanism underlying HF-induced cell death and may help in 
the development of a potentially safe agent against HCC. This pro-
vides an overview of mechanism diagram for anticancer effect of HF 
on human HCC in Figure 7.
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