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decreased the effect of V8-mediated apoptosis and activation 
of GRP78, p-PERK, p-eIF2α, ATF4 and CHOP modulated 
ER stress triggered by V8. In vivo, V8 inhibited the trans-
planted mice H22 liver carcinomas in a dose-dependent 
manner. Compared with wogonin, V8 exhibited stronger 
anti-proliferative effects both in vitro and in vivo. The under-
lying mechanism of activating PERK-eIF2α-ATF4 pathway 
by which V8 induces apoptosis was verified once again in 
vivo. The apoptosis induction via the mitochondrial path-
way by modulating the ROS-mediated ER signaling pathway 
might serve to provide support for further studies of V8 as a 
possible anticancer drug in the clinical treatment of cancer.

Keywords V8 · Apoptosis · ER stress · ROS · 
Hepatocellular carcinoma

Abbreviations
ROS  Reactive oxygen species
ER  Endoplasmic reticulum
HCC  Hepatocellular carcinoma
UPR  Unfolded protein response
ΔΨm  Mitochondrial transmembrane 

potential
CHOP  CCAAT/enhancer-binding protein–

homologous protein
DMSO  Dimethyl sulfoxide
NAC  N-acetyl cysteine
carboxy-H2DCFDA  Dichlorofluorescein diacetate
ERAD  ER-associated degradation

Introduction

Hepatocellular carcinoma (HCC) is a refractory malig-
nancy with high incidence and mortality rates (El-Serag 

Abstract Natural flavonoids from plants have been 
demonstrated to possess promising chemopreventive 
activities against various diseases. 7-{4-[Bis-(2-hydroxy-
ethyl)-amino]-butoxy}-5-hydroxy-8-methoxy-2-phenyl-
chromen-4-one (V8), a newly synthesized derivative of 
wogonin may have antioxidant, antiviral, anti-inflammatory 
and anti-tumor potentials as wogonin. Based on the recent 
findings of V8, the anti-tumor activities and fundamental 
mechanisms by which V8 inhibits growth of hepatocellular 
carcinoma were further investigated in this study. After the 
treatment of V8, a significant inhibition of HepG2 cell pro-
liferation was observed in a dose-dependent manner with 
the IC50 value of 23 μM using MTT assay. The exposure to 
V8 also resulted in apoptosis induction and an accumulation 
of ROS and Ca2+. Meanwhile, a release of cytochrome c 
(Cyt-c), activation of BH-3 only proteins and Bax, decrease 
in mitochondrial membrane potential ΔΨ, as well as a sup-
pression of Bcl-2, pro-caspase9 and pro-caspase3 expres-
sion were shown. Moreover, knocking down CHOP partly 
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2011; Jemal et al. 2011). It is the most common primary 
hepatic tumor and the fifth most common tumor worldwide 
(Llovet et al. 2008; Motola-Kuba et al. 2006). Although a 
great achievement in HCC has been acquired during the 
past three decades, patients continue to experience a poor 
prognosis because of the lack of an effective systemic 
treatment regimen (Bruix and Llovet 2009; Whittaker et al. 
2010). The current treatment modalities, including surgi-
cal resection and liver transplantation, cannot take a sig-
nificant effect on HCC (Gish and Baron 2008; Ye 2008). 
Therefore, finding new targeted agents or combination 
chemotherapy is crucial to the treatment of hepatocellular 
carcinoma.

The endoplasmic reticulum (ER) is the intracellular 
organelle responsible for synthesis, folding, trafficking and 
maturation of proteins, as well as cholesterol synthesis. It 
has been established that stress in endoplasmic reticulum 
(ER) induces cell death (Takemoto et al. 2011). The quality 
control of newly synthesized proteins by the ER is essential 
for normal cell function and survival. However, integrity 
of the ER is often perturbed by accumulation of unfolded 
or misfolded proteins, leading to the unfolded protein 
response (UPR). The UPR is a signaling network consist-
ing of three branches that are initiated by three different 
ER transmembrane receptors, i.e., pancreatic ER kinase 
(PKR)-like ER kinase (PERK), activating transcription 
factor 6 (ATF6) and inositol-requiring enzyme 1 (IRE1) 
(Ron and Walter 2007). Normally, these receptors remain 
in an inactive state because of their binding with glucose-
regulated protein (GRP78). However, ERS lead to the dis-
sociation of GRP78 from these receptors and then trigger 
the UPR, which initially aims at rebuilding cellular homeo-
stasis by restoring the normal functions of the ER if ERS is 
moderate and transient, but eventually puts cells to death if 
ERS is inordinate or protracted (Rao et al. 2004; Xu et al. 
2005). CCAAT/enhancer-binding protein–homologous 

protein (CHOP) is a proapoptotic transcription factor that 
suppresses the transcription of Bcl-2, which can be induced 
by a combination of the PERK/ATF4 and ATF6 pathways 
(Anding et al. 2007; Hetz et al. 2006; Moenner et al. 2007). 
CHOP overexpression promotes cell death, while deletion 
of the CHOP gene results in the attenuation of cell death 
induced by ER stress (Friedman 1996; McCullough et al. 
2001).

In recent years, natural products have been increas-
ingly recognized as new remedies for enhancing the effi-
cacy and alleviating the adverse effects of tumor therapies 
(Surh 2003). Recent study has demonstrated that the natu-
ral flavonoid wogonin triggered apoptosis in human osteo-
sarcoma U-2 OS cells through the ERS (Lin et al. 2011). 
Another natural flavonoid compound oroxylin A activates 
the UPR in human hepatocellular carcinoma HepG2 cells 
(Xu et al. 2012).

V8 (7-{4-[Bis-(2-hydroxy-ethyl)-amino]-butoxy}-5-
hydroxy-8-methoxy-2-phenyl-chromen-4-one) is a newly  
synthesized flavonoid with the similar structure of 
wogonin. The V8 (1) was synthesized from natural prod-
uct wogonin (2) through two steps as indicated in Fig. 1. 
Initially, the phenolic hydroxy group at the C7 of Wogonin 
was alkylated with 1, 4-dibromobutane in acetone in the 
presence of K2CO3. Then diethanolamine were coupled 
with the halogenated hydrocarbons (3) to afford V8. It 
was identified by IR, 1H-NMR, MS and elemental analy-
sis. The purity was 99.51 % determined with HPLC. 
mp:241–243 °C.

Considering the aforementioned factors, in this study, 
we also addressed the effect of V8 on the apoptosis induc-
ing of human hepatocellular carcinoma HepG2 cells and 
transplanted mice H22 liver carcinomas. Our findings 
also shed light on the molecular mechanism by which V8 
induces apoptosis in hepatocellular carcinoma cells in vitro 
and in vivo.

Fig. 1  The synthetic route of 
V8. 1 Molecular structure of V8 
(C24H29NO7, MW = 443.49), 2 
Molecular structure of wogonin, 
3 halogenated hydrocarbons
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Materials and methods

Materials

V8 (purity >99.5 %) was applied in DMSO to 0.1 M and 
stored at −20 °C. The concentrations used here were 10, 20 
and 30 μM in vitro and freshly diluted with DMEM to final 
concentration. Controls were treated with the same amount 
of DMSO (0.1 %) as used in the corresponding experi-
ments. MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-dipheny-
tetrazoliumbromide] was obtained from Fluka chemical 
corp (Ronkonkoma, NY) and was dissolved in 0.01 M PBS. 
N-acetyl-l-cysteine (NAC) was purchased from Sigma-
Aldrich (USA) and dissolved in sterile water. Primary 
antibodies of PERK, p-PERK, eIF2α, p-eIF2α, ATF4, Pro-
caspase3, Pro-caspase9, Bcl-2, Noxa, COX-IV, Cyt-c, Bax 
and β-actin were obtained from Santa Cruz Biotechnology 
(California, USA). Antibodies of AIF, Bad and Bim were 
purchased from Cell Signaling Technology (Beverly, MA, 
USA). Antibodies of CHOP, GRP78 and Histones were the 
products of Bioworld (USA).

Cell culture and animals

The human hepatoma HepG2 cell line was purchased from 
Cell Bank of Shanghai Institute of Biochemistry and & 
Cell Biology, Chinese Academy of Sciences. Cells were 
grown in DMEM medium (Gibco, USA) supplemented 
with 10 % fetal bovine serum (Sijiqing, Hangzhou, China), 
100 units/ml penicillin and 100 μg/ml streptomycin. Expo-
nentially growing cultures were maintained in a humidified 
atmosphere of 5 % CO2 at 37 °C.

Specific pathogen-free female Kunming mice with body 
weights of 18–22 g were used. All the mice were obtained 
from Shanghai Slac Laboratory Animal Co. Ltd. (Ureshino 
et al. 2011). The animals were maintained under con-
trolled temperature (23 ± 2 °C, 55 ± 5 % humidity) and 
daily light intensity (12 h of light), and had free access to 
standard rodent diet and water throughout the experimental 
period.

MTT assay

The HepG2 cells were plated on 96-well plates with 
1 × 104/well in 100 μL culture medium. The cells were 
incubated overnight and then exposed to drug at different 
concentrations for 24 h. Subsequently, 20 μl/well of MTT 
solution (5 mg/ml) was added. Plates were incubated at 
37 °C in a 5 % CO2 atmosphere; after 4 h, the supernatants 
were removed and 100 μL/well DMSO was added to dis-
solve formazan crystals. Plates were placed on an orbital 
shaker for 2 min, and the absorbance was recorded at 
570 nm (EL800, BIO-TEK Instruments Inc.). Cell viability 

was determined based on mitochondrial conversion of 
MTT to formazan. Inhibition ratio (%) was calculated 
using the following equation:

IC50 value was taken as the concentration that caused 50 % 
inhibition of cell viabilities and calculated by the logit 
method.

Cell morphology

To detect morphological evidence of apoptosis, cell nuclei 
were visualized following DNA staining with the fluorescent 
dye DAPI (Santa Cruz, USA). Briefly, cells were cultured 
in 6-well tissue culture plates and treated with the indicated 
concentration of drug. At the end of incubation, the cells 
were fixed with 4 % paraformaldehyde for 20 min and incu-
bated with DAPI (1 μg/mL) for 10 min. After washing with 
PBS, fluorescent intensity of cells with dye was observed 
and compared under fluorescence microscope (Olympus, 
Japan) with a peak excitation wavelength of 340 nm.

Annexin V/PI staining

HepG2 cells were harvested after treatment and stained with 
the Annexin V/PI Cell Apoptosis Detection Kit (KeyGen 
Biotech, Nanjing, China) according to the manufacturer’s 
instructions. Data acquisition and analysis were performed 
with a Becton–Dickinson FACSCalibur flow cytometer 
using CellQuest software at Ex./Em.−488/530 nm. The 
cells in early stages of apoptosis were annexin V-positive 
and PI-negative, whereas the cells in the late stages of apop-
tosis were both annexin V and PI positive.

Measurement of ROS formation

According to the method described previously (Lluis et al. 
2007), the level of intracellular ROS was detected using 
fluorescent dye 2, 7-dichlorofluorescein-diacetate (DCFH-
DA, Beyotime Institute of Biotechnology, China) sensi-
tively. The HepG2 cells were pretreated with 10, 20 and 
30 μM of V8 for 12 h. The cells were collected and incu-
bated with 100 mM DCFH-DA attenuated with serum-free 
medium for 30 min at 37 °C in the dark. After washed by 
serum-free, the fluorescence intensity was measured by 
FACSCalibur flow cytometry (Becton–Dickinson) at Ex./
Em. −488/525 nm.

Detection of intracellular calcium level

V8-treated (10, 20 and 30 μM for 12 h) cells were loaded 
with 1 μM Fluo-3 AM (Beyotime, China) which combined 

I(%) =

(

Acontrol − Atreated

Acontrol

)

× 100
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with Ca2+ and produced strong fluorescence. After incubat-
ing for 60 min at 37 °C in the dark, the cells were resus-
pended with PBS and the fluorescence intensity were meas-
ured by FACSCalibur flow cytometry (Becton–Dickinson) 
at Ex./Em. −488/525 nm.

Mitochondrial transmembrane potential (ΔΨm) assessment

The electrical potential difference across inner ΔΨm was 
monitored using the ΔΨm-specific fluorescent probe JC-1 
(KeyGen Biotechnology Co. Ltd., China) which exists as 
a monomer with an emission at 530 nm (green fluores-
cence) at low membrane potential but forms J-aggregates 
with an emission at 590 nm (red fluorescence) at higher 
potential.

Briefly, the HepG2 cells were treated with V8 for 24 h. 
Then the cells were harvested and re-suspended in DMEM 
medium at a density of 0.5 × 106 cells/ml. After incubating 
with JC-1 for 30 min at 37 °C, the cells were resuspended 
in washing buffer and analyzed by flow cytometry. Relative 
fluorescence intensity was monitored with the flow cytom-
etry (FACS Calibur, Becton–Dickinson), and analyzed 
by the software Modfit and CellQuest (BD Biosciences, 
Franklin Lakes, NJ) with settings of FL1 (FITC, green) at 
530 nm and FL2 (PE, red) at 590 nm.

Subcellular fractionation

The mitochondrial and cytosolic fractions of cells were 
performed using cytosol/mitochondria fractionation kit 
(KeyGen Biotech, China) according to the following pro-
tocol. The cells were treated with different concentrations 
of V8 for 24 h and were harvested and incubated in 100 
μL ice-cold mitochondrial lyses buffer for 10 min. Cell 
suspension was homogenized for strike with a tight pestle. 
The homogenate was subjected to centrifuging at 600 g 
for 10 min at 4 °C to remove nuclei and unbroken cells. 
Then the supernatant was collected and centrifuged again 
at 12,000 g for 30 min at 4 °C to obtain the cytosol (super-
natant) and mitochondria (deposition) fraction. Samples of 
cytosol and mitochondria were dissolved in lyses buffer at 
−20 °C.

Transient transfection with CHOP small interfering RNA 
(siRNA)

For knockdown experiments, HepG2 cells grown to 60 % 
confluence were cultured in serum-free medium for 4 h. 
Then either CHOP siRNA (20 pmol/μL) or control siRNA 
was added into the cells using Lipofectamine 2000 (Invit-
rogen, Carlsbad, CA). Four hours later, the cells were cul-
tured in the blood serum medium for 24 h and harvested for 
further experiment.

Western blot analysis

Twenty-four hours after treatment with V8, the HepG2 
cells were lysed with a mixture of lysis buffer (50 mM 
Tris–HCl; 150 mM NaCl; 1 mM EDTA; 1 % NP-40; and 
0.1 mM NaF, pH7.6) and a proteinase inhibitor cocktail 
(0.2 mM phenylmethanesulfonyl fluoride, 1 mM dithi-
othreitol and 0.1 mM leupeptin). The concentration of total 
proteins was measured using the BCA assay method with 
a Varioskan spectrofluorometer and spectrophotometer 
(Thermo, Waltham, Massachusetts) at 562 nm.

Protein (with 100 μg) from each sample was loaded into 
each lane of the SDS-PAGE (10 % gel), stacked at 70 V 
for 30 min and separated at 110 V and transferred to nitro-
cellulose membranes at 20 V. After blocking with 1.0 % 
BSA (Roche, Mannheim, Germany) for 60 min at 37 °C, 
the membranes were incubated with primary antibodies for 
60 min at 37 °C and overnight at 4 °C, which was followed 
by incubation with IRDye 800-labeled secondary antibod-
ies (KPL, Gaithersburg, MD, USA) for 60 min at 37 °C 
in the dark. Subsequently, the intensities of protein bands 
were detected at 562 nm using an Odyssey Infrared Imag-
ing System (LI-COR, Lincoln, NE, USA).

Effect of V8 on the growth of transplanted tumor H22 in 
mice

Female Kunming mice with body weight of 18–22 g were 
transplanted with H22 cells in oxter. Twenty-four hours 
after inoculation, the mice were divided randomly into 
five groups (with 10 mice/group): saline control group, V8 
10 mg/kg group, V8 20 mg/kg group, V8 40 mg/kg group 
and wogonin 40 mg/kg group. All groups were adminis-
tered intravenously every 2 days.

Eight days later, all mice were killed and weighed 
simultaneously, and the tumor was segregated, weighed 
and stored in −80 °C. Tumor inhibitory ratio I (%) was cal-
culated by the following formula:

Wtreated and Wcontrol were the average tumor weight of the 
treated and control group, respectively.

Statistical analysis

Data are expressed as the mean of three experiments, each 
in triplicate samples for individual treatments or dosage. 
We use the software of SigmaPlot, Graphpad and Excel 
to analyze these data. All comparisons of data were made 
using Student’s t test and were considered to be statisti-
cally significant at p < 0.05. Values are represented as the 
Mean ± SD.

I(%) =

(

Wcontrol − Wtreated

Wcontrol

)

× 100
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Results

V8 inhibits hepatocarcinoma proliferation in vivo and in 
vitro

For assessing in vitro cell viability, MTT assays were 
performed to ascertain the anti-proliferative effect of V8 
on the HepG2 cells. As shown in Fig. 2a, after 24-h treat-
ment, V8 obviously reduced the number of viable cells at 
an IC50 value of 23 μM. In addition, a clear concentration–
effect relationship was established. As shown in Fig. 2b, 
all treated groups showed inhibitory effects. Compared 
with the control group, tumor’s weight in the V8 40 mg/kg 
treatment group was decreased by 63 %. This effect was 
far stronger than 40 mg/kg wogonin regimens, in which 
the inhibitory rate was 38 %. V8 10 mg/kg and 20 mg/kg 
treatments resulted in 26 and 41 % of tumor weight loss, 
respectively. At the meantime, no significant changes in 
body weight, liver, spleen and thymus was found in either 
the treatment or control group (data were not shown). The 
results showed that V8 inhibited the transplanted mice H22 
liver carcinomas in a dose-dependent manner without sig-
nificant side effect.

V8 induces apoptosis in HepG2 cells

Whether the antiproliferative activities of V8 could be 
due to the induction of apoptosis was addressed. In order 
to confirm the occurrence of apoptosis in HepG2 cells 
after the treatment of V8, the treated cells were stained by 
DAPI. Apoptotic cells were recognized by the condensed, 
fragmented, degraded nuclei and apoptotic body. Under 
the fluorescent microscope, untreated HepG2 cells were 
stained equably with blue fluorescence, demonstrating the 

steady chromatinic distribution in nucleolus. HepG2 cells 
treated with V8-emitted bright fluorescence, which meant 
that chromatin agglutination, nucleolus pyknosis and 
apoptosis were investigated. There was a significant dif-
ference between the V8-treated groups and the same con-
nection of wogonin group. With the increasing doses of 
V8, more and more nuclear fragments were disintegrated 
and formed (Fig. 3a). Another flow cytometric analysis also 
gave the similar results (Fig. 3b). Exposing HepG2 cells to 
10, 20 and 30 μM of V8 and 30 μM of wogonin for 24 h 
enhanced the percentage of apoptosis cells. Compared 
with control group (5.9 ± 2.9 %), apoptotic rate of V8 10-, 
20- and 30-μM-treated cells were increased to 21.4 ± 3.3, 
46.5 ± 2.4 and 53.5 ± 2.7 %, respectively. While apoptotic 
rate of wogonin 30-μM-treated cells was less than 10 % 
(7.62 ± 2.44 %). The results of our experiments illustrated 
that V8 possesses more potent anti-cancer activities. Not 
only because V8 induced hepG2 apoptotic death in a con-
centration-dependent manner, but also it induced human 
hepatocellular carcinoma HepG2 cells apoptosis with an 
even stronger effect than that of wogonin.

V8 triggers ROS generation

Accumulation of ROS can lead to ER stress, mitochon-
drial dysfunction and initiate apoptosis (Sanges and Marigo 
2006). To demonstrate the effects of V8 on ROS induc-
tion, we determined the production of ROS with a probe 
carboxy-H2DCFDA, which is converted to a green fluores-
cent product, carboxy-DCF, via oxidation. A rapid produc-
tion of ROS occurred after the exposure of HepG2 cells to 
V8 (Fig. 4a). In addition, NAC, a ROS scavenger, partly 
reduced the accumulation of ROS induced by V8. To fur-
ther determine whether ROS was involved in the apoptosis 

Fig. 2  Inhibitory effect of V8 in vivo and in vitro. a HepG2 cells 
were treated with various concentration of V8 for 24 h. Cell viability 
was determined using MTT assay. Data were shown as Mean ± SD 
(n = 3). b The transplanted mice H22 liver carcinomas were treated 

with 10, 20 and 40 mg/kg of V8 by i.v. once every 2 days. Control 
was treated with normal saline, and positive control was treated with 
40 mg/kg of wogonin by i.v. once every 2 days. Results were given as 
Mean ± SD (n = 10)
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induction by V8, HepG2 cells were pretreated with/with-
out NAC and then exposed to the compound. Annexin  
V/PI staining showed that V8-induced ROS-mediated 
apoptosis was partly inhibited by NAC (38.0 ± 3.0 % in 
V8 30 μM group vs. 22.0 ± 2.9 % in NAC+V8 30 μM 
group, Fig. 4b). These data suggested that the accumulation 
of ROS plays an important role in V8-induced apoptosis.

V8 induces apoptosis via initiating ER stress

Ca2+ overloading was an obvious signal to prove the activ-
ity of endoplasmic reticulum stress (Kim et al. 2008). The 
production of Ca2+ was showed in Fig. 5a. An increased 

fluorescence correlated with an up-regulating Ca2+ level 
was observed in HepG2 cells with a dose-dependent man-
ner. To study the effect of ER stress in V8 inducing apopto-
sis, the cells were exposed to V8 for 24 h and harvested for 
western blot analysis regarding ER stress pathway-related 
proteins expression. Results were shown in Fig. 5c, which 
indicated that V8 promoted the protein levels of CHOP, 
GRP78, ATF4, p-PERK and p-eIF2α and decreased PERK, 
while had no effect on eIF2α. To confirm the mechanism of 
apoptosis in vivo, we detected the proteins in transplanted 
mice H22 liver carcinomas tumor tissues and the similar 
results were found (Fig. 5d). These data showed that V8 
initiated ER stress both in vitro and in vivo.

Fig. 3  Apoptosis induced by 
V8 in HepG2 cells. a Cells 
were treated with 10, 20 and 
30 μM V8 for 24 h and then 
were stained with DAPI. b The 
apoptotic rates of HepG2 cells 
induced by V8 were analyzed 
by flow cytometry. Data were 
shown as Mean ± SD for 
three independent experiments 
(*p < 0.05 and **p < 0.01 com-
pared with control)



103Arch Toxicol (2014) 88:97–107 

1 3

CHOP is known as a crucial factor that mediates ER 
stress-induced apoptosis (Zinszner et al. 1998). To examine 
the importance of CHOP in V8-induced apoptosis, HepG2 
cells were transiently transfected with control or CHOP 
siRNA. As shown in Fig. 5b, percentages of apoptosis cells 
were significantly reduced in V8+CHOP-siRNA-treated 
group (39.2 ± 1.1 % in V8+control-siRNA-treated group 
vs. 21.6 ± 4.9 % in V8+CHOP-siRNA-treated group). The 
results suggested that CHOP have an important effect on 
V8-induced apoptosis.

V8 activates the mitochondrial apoptosis pathway

JC-1 is a mitochondrial ΔΨ-sensitive dye. When mitochon-
drial ΔΨ is high, JC-1 accumulates in the matrix of mito-
chondria by forming J-aggregates with red fluorescence. 
However, when mitochondrial ΔΨ is low, JC-1 becomes 
monomer with green fluorescence. The ratio of green and 
red fluorescence indicates depolarization percentage of 
mitochondria. Results showed a remarkable increase in 
green fluorescence of JC-1 monomers in V8-treated cells 
(Fig. 6a). The percentage of cells with green fluorescence 
increased to 27.0 ± 1.7, 52.2 ± 2.8 and 70.6 ± 3.5 % with 
V8 at the concentration of 10, 20 and 30 μM, respectively. 
In addition, mitochondrial dysfunction associated with 
ER stress-mediated cell death induces the pro-apoptotic 
proteins such as Cyt-c releasing from the mitochondria to 
the cytosol and subsequently causing a caspase-dependent 
apoptosis (Li et al. 2006). In the present study, after the 
HepG2 cells were treated with different concentrations of 
V8 for 24 h, the amount of Cyt-c significantly decreased 
in mitochondria while increased in cytosol, which aimed 
to caspase-dependent apoptosis (Fig. 6b). Upon induction 
of apoptosis, AIF translocates from the mitochondria to the 

nucleus, causes DNA fragmentation and leads to chromatin 
condensation in a caspase-independent manner(Ola et al. 
2011). In Fig. 6b, AIF in V8-treated group was found trans-
ferred from mitochondria to nucleus, which indicated V8 
induced the dysfunction of mitochondria, finally resulted in 
caspase-independent apoptosis.

Subsequently, western blot analysis evaluated the molec-
ular effects of V8-induced apoptosis in vitro and in vivo. 
There was significant elevation in the percentages of Bad, 
Bim, Noxa and Bax, while a decreased level of Bcl-2. Pro-
caspase3 and Pro-caspase9 was also observed in the treated 
HepG2 cells (Fig. 6c). The same effects of V8 treatment 
on the apoptosis-related proteins in the transplanted mice 
H22 liver carcinomas were found (Fig. 6d). In addition, 
the level of caspase8 which was representative for extrinsic 
pathway-induced apoptosis was not changed (data were not 
shown)(Kruidering and Evan 2000).

Discussion

Hepatocellular carcinoma (HCC) is a malignant tumor with 
affecting about one million people around the world every 
year (Motola-Kuba et al. 2006). Traditional Chinese medi-
cines have been recently recognized as a new source of anti-
cancer drugs and new chemotherapy adjuvant to enhance the 
efficacy of chemotherapy and to ameliorate the side effects 
of cancer chemotherapies. Scutellaria baicalensis is one of 
the most popular and multi-purpose herbs used in China 
traditionally for treatment of cancer, inflammation, hyper-
tension, cardiovascular diseases, bacterial and viral infec-
tions. Wogonin is one of the major constituents of Scutel-
laria baicalensis and exerts anti-oxidant activity, which may, 
in part, underlie its anti-inflammatory, anti-cancer, antiviral 

Fig. 4  V8 affected the productions of ROS. a Cells were pretreated 
with/without 5 mM NAC for 1 h, and then exposed with/without V8 
for 12 h. Finally, the ROS level was detected by flow cytometry. b 
Cells were pretreated with/without 5 mM NAC for 1 h and treated 

with/without 30 μM V8 for 12 h. The apoptosis were analyzed with 
flow cytometry. Values were Mean ± SD for at least three independ-
ent experiments (*p < 0.05 and **p < 0.01 compared with control; 
#p < 0.05 and ##p < 0.01 compared with V8-treated group)



104 Arch Toxicol (2014) 88:97–107

1 3

and neuroprotective actions (Li-Weber 2009). We modified 
the structure of wogonin and finally got a new compound, 
which named V8. In our studies, V8 showed inhibitory effect 
on the transplanted mice H22 liver carcinomas. Results dem-
onstrated that the tumor inhibitory effect of 40 mg/kg/2 days 
of V8 treatment was stronger than that of 40 mg/kg/2 days 
of wogonin treatment (63 vs. 38 %). Recent research found 
that wogonin induces apoptosis via ROS-mediated ER stress 
pathway (Lin et al. 2011). V8, bears a structural similarity 
to wogonin, has been shown to inhibit tumor cell growth. In 
this research, we discovered the fundamental mechanisms of 
V8 fighting against hepatocellular carcinoma.

Apoptosis is accompanied by various morphological 
changes, including nuclear condensation, apoptotic bodies, 
DNA fragmentation and cell surface changes (Noori and 

Hassan 2012). Nuclear morphology in the HepG2 cells was 
analyzed using DAPI staining; the externalization of apop-
tosis was detected using Annexin V/PI staining and sorted 
with a flow cytometer. These experiments indicated that 
V8 caused chromatin condensation and externalization of 
apoptosis in the HepG2 cells.

The mitochondrial pathway is one of apoptotic types, 
especially in ROS-induced apoptosis. ROS is mainly gener-
ated in the mitochondria (King et al. 2004), but mitochondria 
is not the only cellular organelles that response to oxidative 
stress. Recent studies suggest that the endoplasmic reticu-
lum (ER) is quite sensitive to oxidative damage (Wang et al. 
2007) and may also play an important role in the response to 
oxidative stress-induced damage (Sanges and Marigo 2006). 
Various physiopathological conditions like hypoxia, ER-Ca2+ 

Fig. 5  V8 induced apoptosis by initiating ER Stress. a Cells were 
treated with 10, 20 and 30 μM V8 for 12 h, and the Ga2+ level was 
detected. Data are Mean ± SD for three independent experiments 
(*p < 0.05 and **p < 0.01 compared with control). b HepG2 cells 
were treated in serum-free medium for 4 h, then transfected with 
control siRNA or CHOP siRNA and incubated for 4 h. After cul-
tured in blood serum culture medium for 12 h, the cells were treated 
with/without 30 μM V8 for 24 h. Then the apoptosis was detected 
with annexin V/PI double staining. Data were Mean ± SD for three 

independent experiments (*p < 0.05 and **p < 0.01 compared with 
control-siRNA-transfected group; #p < 0.05 and ##p < 0.01 compared 
with V8 + control-siRNA-treated group). c HepG2 cells were incu-
bated with 10, 20 and 30 μM V8 for 24 h and the protein of PERK, 
p-PERK, GRP78, ATF4, eIF2α, p-eIF2α and CHOP were analyzed 
by western blotting. d Proteins including PERK, p-PERK, GRP78, 
ATF4, eIF2α, p-eIF2α and CHOP come from transplanted mice H22 
liver carcinomas tissues were detected by western blotting
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depletion, oxidative damage including ROS-mediated, hypo-
glycemia and viral infections may affect ER homeostasis and 
interfere with proper protein folding, ultimately causing an 
imbalance between protein folding load and capacity. This 
cellular condition is known as‘ER stress.’ The ER responds 
to these perturbations by activating an integrated signal trans-
duction pathway, called the unfolded protein response (UPR). 
The UPR is primarily tailored to reestablish ER homeostasis 
by coordinating the temporal shutdown in protein transla-
tion along with a complex program of gene transcription that 
leads to the up-regulation of components of the ER folding 
machinery and ER quality control, like the ER-associated 
degradation (ERAD) pathway. However, when ER stress is 
too severe or cannot be solved, the UPR turns from a pro-
survival to a pro-death response, usually, but not uniquely, 
culminating in the activation of intrinsic apoptosis (Verfail-
lie et al. 2010). In this study, we found the level of ROS in 
the V8-treated HepG2 cells increased. Further experiment 
showed that V8-induced apoptosis was partly inhibited by 
NAC, a ROS production inhibitor. The results indicated that 
V8 induce apoptosis partly though ROS pathway.

Change of ER Ca2+ stores is involved in ER stress-
mediated apoptosis (Kim et al. 2008). We have known 
that ER stress often stimulated a release of Ca2+ into the 

cytosol, followed by uptake of Ca2+ into mitochondria, 
mitochondrial fission and release of cytochrome c, pre-
cipitating apoptosis(Verfaillie et al. 2010). The apoptotic 
cross-talk between the ER and the mitochondria requires 
calcium signaling from the ER to the mitochondria, which 
is inhibited by Bcl-2 and promoted by Bax (Hotokezaka 
et al. 2009). In this study, we observed that V8 induced 
intracellular Ca2+ overloading, indicating that alterations 
in Ca2+ homeostasis were involved in V8-induced apopto-
sis. We further investigated specific markers of ER stress 
such as GRP78, p-PERK, p-eIF2α, ATF4 and CHOP. In 
mammalian cells, ER stress is initiated by three ER trans-
membrane proteins: PERK, IRE1 and ATF6. These three 
ER stress sensors trigger divergent and convergent sign-
aling cascades that lead to adaptation or cell death. Gen-
erally, these branches function as a whole upon the ERS. 
For the ERS sensor GRP78, the regulators PERK, p-PERK 
(thr981), eIF2α, p-eIF2α (Ser51) and ATF4 together with 
the mediator CHOP constitute an essential and domi-
nant branch (Lin et al. 2007; Oyadomari and Mori 2004; 
Szegezdi et al. 2006; Tabas and Ron 2011; Yoshida et al. 
2003). After treatment of V8, the PERK-eIF2α-ATF4 sign-
aling pathway in vivo and in vitro was activated obviously. 
CCAAT/enhancer-binding protein-homologous protein 

Fig. 6  V8 activates the mito-
chondrial apoptotic pathway.  
a Cells were exposed to V8 (10, 
20 and 30 μM) for 24 h and 
then stained with JC-1. The per-
centage of ΔΨ collapsed cells 
was analyzed by flow cytom-
etry. Data were mean ± SD 
for at least three independent 
experiments (*p < 0.05 and 
**p < 0.01 compared with con-
trol). b Effect of V8 on Cyt-c 
and AIF in HepG2 cells. The 
cells were treated with V8 (10, 
20 and 30 μM) for 24 h. Mito-
chondrial, cytosolic and nuclei 
fractions were subjected to 
western blot analysis. c HepG2 
cells were incubated with 10, 
20 and 30 μM V8 for 24 h. The 
protein of Pro-caspase9, Pro-
caspase3, Bcl-2, Bax, Bad, Bim 
and Noxa was analyzed with 
western blotting. d The proteins 
of Pro-caspase9, Pro-caspase3, 
Bcl-2, Bax and Bad come from 
transplanted mice H22 liver car-
cinomas tissues were detected 
by western blotting
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(CHOP/GADD153) is a pro-apoptotic transcription fac-
tor that suppresses the transcription of Bcl-2, which can be 
induced by a combination of the PERK/ATF4 and ATF6 
pathways (Anding et al. 2007; Hetz et al. 2006; Moenner 
et al. 2007). CHOP overexpression promotes cell death, 
while deletion of the CHOP gene results in the attenua-
tion of cell death induced by ER stress (Friedman 1996; 
McCullough et al. 2001). Overexpression of CHOP inhibits 
Bcl-2 protein expression and translocation of Bax protein 
from the cytosol to mitochondria (Oyadomari and Mori 
2004). CHOP can transcriptionally induce the expression of 
Bad, Bim and Noxa. Bim connects with Bcl-2 and Bax to 
enhance the activation of mitochondrial voltage-dependent 
anion channel and then leads to release of apoptogenic fac-
tors from the mitochondria (Sugiyama et al. 2002). Another 
BH-3 only protein Noxa induces Cyt-c release from mito-
chondria through activation of Bax(Li et al. 2006). The 
BH-3 domain of Bad binds and inactivates Bcl-2 at the 
outer mitochondrial membrane, thereby promoting cell 
death(Ola et al. 2011). Results showed that V8 caused 
Ca2+ overloading and mitochondrial dysfunction. It trig-
gered caspase-dependent and independent apoptosis sub-
sequently. More importantly, the molecular mechanisms of 
V8-induced apoptosis in vitro were verified in vivo. CHOP-
specific siRNA is designed to knock down CHOP/GADD 
153 gene expression. Our further study suggested that 
CHOP-siRNA-rescued apoptosis was induced by V8, but 
not completely. It is indicated that there have been another 

ER-independent way inducing apoptosis. All those results 
demonstrated that V8 induced apoptosis in HepG2 cells 
through activating ER Stress.

In summary, V8 exerts strong hepatocellular carcinoma 
growth inhibition in vivo and in vitro by inducing apopto-
sis. The mechanisms were ROS triggered ER stress (Fig. 7) 
which was similar with wogonin while V8 exhibited even 
more active effects. V8 might become a promising thera-
peutic agent against hepatocellular carcinoma cancer.
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