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Abstract. The apoptotic effects of yessotoxin (YTX) on 
Bel7402 human hepatoma cells have been evaluated by the 
combination of several methods, including optical micros-
copy, Hoechst 33342 staining and DNA gel electrophoresis. 
Rhodamine 123 staining has also been used to investigate 
changes in mitochondrial transmembrane potential. The 
results indicated that YTX has negative effects on human liver 
cells and induces apoptosis. Furthermore, changes in calcium 
concentrations were analyzed using the fluorescence probe 
Fluo-3 AM. The results showed that intracellular calcium 
concentrations increased after treatment with YTX.

Introduction

Yessotoxin (YTX) is a disulfated polyether lipophilic marine 
toxin. Since YTX and its analogues are always detected 
together with diarrhoeic shellfish poisoning (DSP) toxins such 
as okadaic acid (OA), they were for a long time classified in 
the DSP toxin group. However, YTX does not induce diarrhea 
nor does it inhibit protein phosphatases, as do DSP toxins (1). 
Thus, in 2002 YTX was removed from the DSP toxin group 
by the European Union Commission and classified as an inde-
pendent marine toxin (2).

YTX and its analogues were first isolated from the 
digestive organs of the scallop Patinopecten  yessoensis in 

Japan (3), and are mainly produced by the algae dinoflagellates 
Protoceratium  reticulatum, Gonyaulax  spinifera and 
Lingulodinium  polyedrum (4,5). These three species have 
been identified in numerous European and American countries 
(4,6-10), and their cysts have recently been identified in the 
silt of the Yellow Sea (11). In 2009, Gao et al deteceted YTX 
and its analogues in shellfish samples collected from several 
coastal cities in China (12). Therefore, the YTX family is 
of concern in seafood quality monitoring and the shellfish 
industry.

Although the mechanisms of YTX toxicity have been 
investigated for years, its exact mechanisms remain unknown. 
Since the chemical structure of YTX is similar to that of 
brevetoxin, which is known as a neurotoxin, the interaction 
between YTX and cellular ion channels has been studied (13). 
Cellular ion levels are important in the regulation of cellular 
biological functions. YTX has been identified as an inducer of 
apoptosis in the neuroblastoma cell line BE (2)-M17 (14) and 
the human cervical cancer cell line Hela (15). It has also been 
reported that YTX induces apoptotic events in myoblast cell 
lines from rats and mice (16).

Apoptosis plays a key role in the pathogenesis of disease, 
including cancer (17-19). Apoptosis is a normal element of 
the growth and health of multicellular organisms, and plays 
an essential role throughout the regulation of tissue develop-
ment and homeostasis (17,20,21). Cancer is mainly caused by 
the disruption of cellular homeostasis between cell death and 
proliferation (22). Studying the induction of apoptosis may aid 
in the identification of effective cancer therapies.

Apoptotic cells have characteristic features, including 
chromatin aggregation, nuclear and cytoplasmic condensa-
tion, nuclear fragmentation and the partition of protuberances 
that form on the cell surface (23). It is necessary to combine 
different parameters and several biochemical markers identi-
fied in the process of apoptosis, including the decrease of 
mitochondrial transmembrane potential (MTP), DNA frag-
mentation and the activation of caspases, to detect apoptosis 
in most apoptotic cells. In this study, the human hepatoma cell 
line Bel7402 was used to study the sensitivity and the toxicity 
of YTX. The cytotoxicity and cell death induced by YTX in 
hepatoma cells was evaluated and various apoptotic-related 
features were analyzed to address the apoptotic pathway acti-
vated in Bel7402 cells treated with YTX. The results indicate 
that YTX may have anticancer activity against human liver 
cancer via the induction of apoptosis.
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Materials and methods

Chemicals and solutions. YTX and OA were purchased from 
the National Research Council (NRC; Canada) and were 
dissolved in phosphate buffer to a final concentration of 2 ng/
µl for the experiments. The fluorescence probes Hoechst 33342 
and propidium iodide (PI) were included in an apoptosis and 
necrosis assay purchased from the Beyotime Insititute of 
Biotechnology (Shanghai, China). Rhodamine 123 (Rh123) and 
Fluo-3 acetoxymethyl ester (AM) solution with a concentration 
of 5 mM were also purchased from Beyotime. 3-(4,5)-dimeth-
ylthiahiazo-2-y1)-3, 5-diphenyltetrazolium bromide (MTT) was 
from Sigma (St. Louis, MO, USA).

Cell culture and treatment. The Bel7402 human hepatoma 
cell line was purchased from the cell bank of the Shanghai 
Institute of Biochemistry and Cell Biology, Chinese Academy 
of Sciences (Shanghai, China). The cells were seeded in 
25-cm2 flasks at a density of 1x104 cells/ml and cultured in 
RPMI-1640 (Gibco, USA) with 300 mg/l L-Glutamine, 
100 U /ml penicillin, 100 µg/ml streptomycin and 15% fetal 
calf serum (FCS; TBD, China). The cells were maintained at 
37˚C until 80-90% confluence was reached.

Antiproliferative activity measurement. The proliferative activ-
ities of the cells were measured by the MTT assay, since MTT 
converts formazan crystals by mitochondrial dehydrogenases 
(24). For microplate assays, the split cells were trypsinized 
after reaching optimum confluence, and the concentration 
of the culture was adjusted to 1x104 cells/ml. Following an 
additional incubation of 24 h at 37˚C, cells grown in 96-well 
microplates were used for the MTT assay. OA and YTX were 
added in serial concentrations (50-300 ng/ml). PBS alone was 
added as the control and all groups were re-incubated for 20 
h. Then, 20 µl of 2 mg/ml MTT solution was added to the 
medium and the incubation was continued for 4  h at 37˚C. 
After the removal of the medium, 150 µl DMSO was added 
to each well to dissolve the formazan and the absorbance at 
490 nm was read on a microplate reader (Rayto, China). The 
inhibition ratio (%) of toxins was calculated by the equation: 
inhibition ratio (%) = (1-Atreatment/Acontrol) x 100%.

Observation of morphological changes. After incubation with 
50  ng/ml of OA or YTX for 48 h, morphological changes in 
the Bel7402 cells were observed under an optical microscope. 
Furthermore, Hoechst  33342 fluorescent dye was used to 
observe changes in the cell nuclei when the cells were treated 
with the toxins for 24 h. Then, the medium was removed, the 
treated cells were resuspended in staining buffer and stained 
with Hoechst  33342 for 30 min at 4˚C. After washing with 
phosphate-buffered saline (PBS), the nuclei were observed using 
a fluorescence microscope (Nikon, Japan) under UV light.

DNA fragmentation by agarose gel electrophoresis. Compared 
to the untreated control group, Bel7402 cells were incubated 
in medium containing 50 ng/ml OA or YTX for 48 h. Then, the 
cell cultures were collected, washed in PBS and resuspended 
in 50 µl lysis buffer. After treatment with 10 µl RnaseA (1 mg/
ml) at 37˚C for 1 h, 10 µl proteinase K (20 mg/ml) was added 
to the samples followed by incubation at 55˚C for at least 3 h. 

After the addition of a 10X loading buffer, electrophoresis of 
the extracted DNA was carried out on 2.0% agarose gels. A 
200-bp DNA marker was used to compare the size of the DNA 
fragments. DNA bands were visualized by ethidium bromide 
staining (Molecular Probes Inc.).

Measurement of caspase-3 activity. The activation of 
caspase-3 was determined using a Caspase-3 assay (Beyotime 
Insititute of Biotechnology). After cleavage from the labeled 
substrate DEVD-pNA, the light emission of the chromophore 
p-nitroanilide (pNA) was quantified using a microplate reader 
at 405 nm. Comparison of the pNA absorbance between an 
apoptotic sample and an untreated one was used to evaluate 
the activation of caspase-3 in the cells.

Analysis of mitochondrial transmembrane potential. MTP 
was measured using the fluorescent probe Rh123. Before 
treatment, Rh123 was diluted in PBS to a final concentration 
of 10  mg/l. Cells (106) were collected after trypsinization 
and incubated with YTX or OA (50 ng/ml) for 2, 4, 6, 8, 10 
or 12 h. After being washed twice in PBS, the treated cells 
were re-incubated with Rh123 for 30 min at 37˚C in the 
dark, and the samples were analyzed by flow cytometry (BD 
FACScanto™, USA).

Analysis of intracellular calcium levels. After trypsinization, 
the collected Bel7402 cells were washed in PBS and loaded 
with the Fluo-3 AM fluorescent dye (5 µmol/l) for 1 h at 37˚C 
in the dark. Then, the cells were washed again and incubated 
with the medium containing the toxins (OA or YTX, 50 ng/ml) 
for 30 or 60  min. The incubation was protected from light. 
Finally, the fluorescence intensity of intracellular calcium was 
measured using flow cytometry.

Results

Antiproliferative activity of OA and YTX. The cytotoxic 
activity of the toxins was evaluated by the MTT assay. As 
shown in Fig.  1, the inhibition of Bel7402 cell prolifera-
tion by YTX occured in a dose-dependent manner, and the 
growth of the cells was also inhibited by OA. In order to 
visualize the apoptotic changes induced by YTX, a concen-
tration of 50 ng/ml was selected for use in the following 
experiments.

Morphological changes. Observed under a microscope, cells 
in the control group grew well and the nuclei were round and 
clear. Morphological changes of apoptosis were observed in 
cells treated with 50 ng/ml OA or YTX for 48 h. Cells treated 
with YTX were misshapen and some were even broken. 
Nuclei were marginalized in some cells, indicated by arrows 
in Fig. 2.

After nuclear staining with Hoechst 33342, control group 
cells were observed to have regular and round-shaped nuclei 
under a fluorescence microscope. By contrast, cells treated 
with OA or YTX for 24 h presented typical features of 
early-stage apoptosis. Using Hoechst 33342 staining, nuclear 
condensation was identified as bright blue staining and apop-
totic bodies were observed to have nuclear fragmentation 
(Fig. 3). The apoptotic cells and total cells in each field of view 
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were counted, and the ratio of apoptotic cells was calculated 
(Fig. 4). The results showed that the apoptotic cells induced by 
YTX were slightly fewer than those induced by OA.

DNA fragmentation. After incubation with toxins for 48  h, 
DNA fragmentation was evaluated by 2.0% agarose gel elec-
trophoresis. DNA isolated from the control group remained 
totally intact and devoid of any fragmentation. Compared 
to a 200-bp DNA ladder marker, the overall pattern of DNA 
fragmentation and an clear ladder suggested the presence of 
massive cell apoptosis induced by OA or YTX (Fig. 5).

Effects of toxins on the activation of caspase-3. Since caspase 
plays a critical role in cell apoptosis, its activity was analyzed 
in this study. The results showed that caspase-3 activity was 

increased more in the YTX-treated cells compared to the 
OA-treated cells or the control groups after 3 h of incubation. 
However, when incubated for >6 h, the caspase-3 activity of 
cells treated by OA was enhanced to a greater extent compared 
to cells treated with YTX (Fig. 6).

Figure 1. Inhibition of Bel7402 cell proliferation by OA and YTX at different 
concentrations. *P<0.05; **P<0.01 with respect to the control.

Figure 2. Morphological changes of Bel7402 cells treated with 50 ng/ml OA 
and 50 ng/ml YTX for 48 h (x200). The cells indicated by arrows showed 
clear morphological changes associated with apoptosis.

Figure 3. Changes to nuclei after Hoechst 33342 staining in the control cells 
and in the toxin-treated group (x200).

Figure 4. Ratio of apoptotic cells treated with 50 ng/ml OA or 50 ng/ml 
YTX. *P<0.01 with respect to control. As determined by Hoechst 33342 
staining, the ratio of apoptosis was 42.59 and 41.55% after treatment with 
OA and YTX, respectively.

Figure 5. Electrophoretic results of DNA fragmentation from OA- and YTX-
treated Bel7402 cells. Electrophoresis was carried out on 2.0% agarose gels.
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Effects of toxins on mitochondrial transmembrane potential. 
Disruption of MTP is one of the earlier intracellular events 
in cell apoptosis. When Bel7402 cells were treated with OA 
or YTX for various periods at 37˚C, a decrease in MTP was 
detected using flow cytometry after staining with Rh123. As 
shown in Fig. 7, MTP began to be reduced markedly after 2 h 
of incubation with YTX. Over the course of treatment, MTP 
did not stop dropping until the end of incubation after 12 h. 
Compared to OA, the influence of YTX on MTP occurred 
much stronger and earlier.

Effects of toxins on intracellular calcium levels. To investigate 
whether Ca2+ concentrations were changed in toxin-treated 
apoptotic human hepatoma cells, the average fluorescence 
intensity of intracellular Ca2+ was detected using flow cytom-
etry after incubation with Fluo-3 AM. The results showed 
that the fluorescence intensity of the control and OA-treated 
groups changed only a little within 1 h, while YTX enhanced 
the intracellular Ca2+ concentration significantly in Bel7402 
cells (Fig. 8).

Discussion

This study revealed that both OA and YTX are capable of 
inhibiting the growth of Bel7402 human hepatoma cells 
in a dose-dependent manner. A concentration over 100  ng/
ml was a strong cytotoxic dose against living cells. There are 
many reports on the cytotoxicity of YTX in various cell lines, 
including mammalian and insect cells (14-16,25). Using the 
Bel7402 human hepatoma cell line, we showed that YTX affects 
cell proliferation and induces apoptosis in a specific manner.

Apoptosis is a type of programmed cell death character-
ized by typical cellular and molecular features such as cell 
shrinkage, the condensation of chromatin and the external-
ization of phosphatidylserine (26). Compounds that induce 
apoptosis are considered to have anticancer activity (27), and 
many efforts have been made to discover novel anticancer 
drugs through the isolation of apoptosis, including agents 
from natural products. 

Our study revealed that YTX triggers apoptosis in Bel7402 
human hepatoma cells accompanied by morphological changes, 
DNA fragmentation, activation of caspase-3 and the loss of 
MTP.

After incubation with YTX, cell morphology showed char-
acteristics typical of apoptosis, including cell shrinkage, nuclear 
fragmentation and chromatin condensation. Hoechst  33342 
staining was used to observe nuclear changes in the apoptotic 
cells. Hoechst stains are a type of fluorescent stain used for 
labeling DNA in fluorescence microscopy and fluorescent-
activated cell sorting (FACS), and can be used on live or fixed 
cells. Since Hoechst  33342 binds to DNA, it disrupts DNA 
replication during cell division (28). After staining cells with 
Hoechst  33342, the morphological changes of early-stage 
apoptosis were observable, including chromatin condensation 
and nuclear fragmentation into masses. Agarose gel electropho-
resis also showed that both YTX and OA caused the ‘ladder’ 
pattern of DNA fragmentation in Bel7402 cells. Genomic 
DNA fragmentation is the biochemical hallmark of apoptosis. 
Due to the activation of special nuclear endonuclease, DNA in 

Figure 6. The activation of caspase-3 changed in Bel7402 cells treated with 
OA or YTX for 0-12 h as compared to the control group. *P<0.05; **P<0.01 
with respect to the control.

Figure 7. The mitochondrial transmembrane potential of Bel7402 cells treated 
with OA or YTX changed over the course of treatment in terms of fluores-
cence intensity after Rh123 staining. *P<0.05 with respect to the control; 
**P<0.01.

Figure 8. The intracellular Ca2+ concentration was evaluated in Bel7402 
cells after treatment with 50 ng/ml OA or 50 ng/ml YTX. Changes in fluo-
rescence intensity detected by Fluo-3 AM staining were observed. *P<0.05 
with respect to the control.
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apoptotic cells is selectively cleaved at sites located between the 
nucleosome units and generates mono- and oligo-nucleomosal 
DNA fragments (29-31).

Caspases, a family of intracellular cysteine protease, 
are pivotal in the initiation and execution of apoptosis (32). 
Activation of caspases is one of the key elements in the apop-
totic pathway. YTX is a sulfated polyether compound that 
may activate caspases during apoptosis. Our analysis showed 
the elevation of caspase-3 activities in Bel7402 cells treated 
with YTX. Activation of caspase-3 may cleave cytoskeletal 
and nuclear proteins, thus accelerating apoptosis in cells.

Mitochondria also play an important role in cellular 
metabolism, death signal transmission, caspase activation 
and other programmed cell death events. During apoptosis, 
mitochondrial permeability is altered and specific apoptotic 
protease activators are released from the mitochondria. The 
disruption of MTP is a crucial mechanism of apoptosis (33), 
and often precedes nuclear DNA fragmentation in most 
models of apoptosis (34-37). In our study, YTX decreased 
MTP, thus the loss of MTP may be involved in YTX‑induced 
apoptosis. The disruption of MTP is associated with several 
factors, such as an increase in reactive oxygen species produc-
tion and the elevation of Ca2+ concentration (38). Ca2+ is a 
sensor of programmed cell death that plays a crucial role in 
apoptotic signal transduction. Its overload leads to cellular 
damage and eventually cell death (39). For example, the acti-
vation of endonuclease, which cleaves DNA during apoptosis, 
is Ca2+- and Mg2+-dependent (40). It has been reported that 
YTX induces the accumulation of Ca2+ in cells, and our study 
showed similar results; YTX increased the intracellular Ca2+ 
concentration.

The results of this study showed that YTX induced apop-
tosis in human hepatoma cells. The main reason may be the 
accumulation of Ca2+ induced by YTX, which disrupted MTP 
in human hepatoma cells, activated the endonuclease to cleave 
DNA, and then triggered apoptosis in the cells.

Our future studies will further examine the exact mecha-
nisms of YTX‑induced apoptosis to determine whether YTX 
has anticancer activity.
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