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Abstract. The marine toxin yessotoxin (YTX) is found in 
numerous aquatic environments and poses a potential threat 
to the shellfish industry and to public health. We analyzed the 
toxicity of YTX on HL7702 human liver cells using optical 
microscopy, Hoechst  33342 chromatin staining, DNA gel 
electrophoresis, rhodamine 123 staining and calcium-sensitive 
laser scanning confocal microscopy. The results demonstrated 
that YTX induced the usual hallmarks of apoptosis, including 
chromatin condensation, DNA laddering, activity of caspase-3 
deregulation and loss of mitochondrial membrane potential. 
Furthermore, YTX caused cytosolic calcium levels to increase 
in HL7702 cells. YTX may cause liver damage through hepa-
tocyte apoptosis.

Introduction

Yessotoxin (YTX) is a disulfated polyether lipophilic marine 
toxin that was first isolated from the digestive organs of scallops 
in Japan (1). Since YTX and its analogs were always detected 
together with diarrhetic shellfish poisoning (DSP) toxins, such 
as okadaic acid (OA), they were initially classified in the DSP 
toxin group. However, YTX does not induce diarrhea, nor does 
it inhibit protein phosphatase 2A, such as OA or certain dino-
physistoxins (DTXs) (2). In 2002, YTX and its analogs were 
removed from the DSP toxin group by the European Union 
Commission and classified as an independent group (3).

YTX and its analogs are mainly produced by the algal 
dinoflagellates Protoceratium reticulatum, Gonyaulax 
spinifera and Lingulodinium polyedrum (4-6). Protoceratium 
reticulatum was the first reported producer of YTX and it has 
been identified in numerous countries around the world (4). 
The species Gonyaulax spinifera and Lingulodinium polye-
drum, which may also produce YTX, have been identified in 
certain European and American countries (4,7-11). Recently, 
the cysts of Protoceratium reticulatum, Gonyaulax spinifera 
and Lingulodinium polyedrum have been identified in the silt 
of the Yellow Sea (12). The species Gonyaulax spinifera has 
also been found in offshore areas of Shandong and Zhejiang 
Province. In 2010, Gao et al detected YTX and its analogs in 
shellfish samples collected from Chinese coastal areas (13). 
Thus, YTX and its analogs are of major concern to the shell-
fish industry in China.

Although to date there are no reports on toxic episodes 
caused by YTX-contaminated seafood consumption, high 
toxicity has been revealed following intraperitoneal injection in 
mice in a number of studies (14-17). The maximum acceptable 
YTX contents (1 mg/kg shellfish flesh) have been established 
by quality monitoring agencies (3). However, YTX and its 
analogs do not induce diarrhea and no lethality was found in 
mice following oral exposure to high doses of YTX (1-54 mg/
kg) or repeated oral administration (1 and 2 mg/kg/day, for 
1 week; 1-5 mg/kg, 7 times during 3 weeks) (17-19). Numerous 
in vitro studies have been carried out at the single-cell level 
to investigate the mechanisms of YTX toxicity. The chemical 
structure of YTX is similar to that of the neurotoxic breve-
toxins, and interactions between YTX and transmembrane ion 
channels have been studied (20,21). Furthermore, YTX has 
been identified as an inducer of apoptosis in the BE (2)-M17 
neuroblastoma cell line (22), in primary neuronal cultures (21), 
in myoblast cell lines from rat and mouse (23,24) and in the 
HeLa human cervical cancer cell line (25). However, the exact 
molecular mechanisms remain unclear.

Apoptosis is a normal event in the development and stress 
response of multicellular organisms. To adequately study 
apoptosis, it is necessary to combine experimental techniques 
to assess the temporal progression of multiple apoptotic 
processes, including DNA fragmentation, calcium deregula-
tion, activation of caspases and decreased mitochondrial 
transmembrane potential. Bianci et al assessed mitochondrial 
depolarization in hepatoma cells isolated from the livers of male 
Wistar rats following YTX treatment (26), but the mechanism 
of action of YTX in liver cells has not been investigated in 
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detail. In terms of solubility, YTX is described as a lipophilic 
polyether. Since lipophilic drugs are typically metabolized in 
the liver, we chose a human liver cell line (HL7702) to evaluate 
the cytotoxicity and pro-apoptotic responses induced by YTX.

Materials and methods

Chemicals and solutions. YTX was purchased from the 
National Research Council (NRC; Canada), and it was stocked 
in methanol. An apoptosis and necrosis assay kit, including 
a fluorescence DNA probe Hoechst 33342, was purchased 
from Beyotime Institute of Biotechnology (Shanghai, China). 
Rhodamine 123 (Rh 123) and Fluo-3 acetoxymethyl ester 
(AM) solution (5 mM) were also purchased from Beyotime.

The vital stain 3-(4,5)-dimethylthiazol-2-y1)-3,5-di-
phenyltetrazolium bromide (MTT) was purchased from 
Sigma (St. Louis, MO, USA). Nifedipine was from Sigma 
and dissolved in DMSO. Other chemicals were of analytical 
reagent grade or higher purity. Hank's balanced salt solu-
tion (HBSS) for cell washing consisted of: NaCl 137 mM; 
KCl 5.6 mM; CaCl2 1.26 mM; MgSO4 0.81 mM; Na2HPO4 
0.38 mM; KH2PO4 0.44 mM and NaHCO3 4.2 mM. pH was 
adjusted to 7.4 with NaOH and HCl.

Cell culture. The HL7702 human liver cell line was purchased 
from the Cell Bank of Shanghai Institute of Biochemistry 
and Cell Biology, Chinese Academy of Sciences (Shanghai, 
China). The cells were seeded in 25-cm2 flasks and cultured in 
RPMI‑1640 (Gibco, USA) with 300 mg/l L-glutamine, 100 U/
ml penicillin and 100 µg/ml streptomycin, plus 15% fetal calf 
serum (FCS; TBD, China). Cells were maintained at 37˚C in a 
humidified 5% CO2 atmosphere until 80-90% confluence was 
reached.

Measurement of anti-proliferative activity. Prior to micro-
plate assays, the cells in culture flasks were trypsinized after 
reaching optimum confluence and the concentration of the 
cell suspension was adjusted to 1x104 cells/ml. Following an 
additional incubation of 20 h at 37˚C, cells were grown in 
96-well microplates. YTX was added in serial concentrations 
(50-350 ng/ml). HBSS alone was added as the control and all 
groups were re-incubated for 20 h in drug or vehicle. Then, 
20 µl of 2 mg/ml MTT solution was added to the medium 
and the incubations continued for 4 h at 37˚C. The medium 
containing MTT was removed and 150 µl DMSO was added 
to each well to dissolve the formazan. Absorbance at 490 nm 
was read by a microplate reader (Rayto, China). The inhibition 
ratio (%) of toxins was calculated by the equation: Inhibition 
ratio (%) = (1 - Atreatment/Acontrol) x 100% (1).

Morphological observation. Following incubation with 50 ng/
ml of YTX for 48 h, the morphological change in HL7702 
cells was observed by an optical microscope.

In addition, cell nuclei were visualized using the fluores-
cent dye Hoechst 33342 following 24 h of drug treatment. 
Briefly, after removing the culture medium, the treated cells 
were re-suspended in staining buffer containing Hoechst 
33342 for 30 min at 4˚C. Following washing with PBS, fluores-
cent signals from 350 nm excitation were measured at 461 nm 
emission under a fluorescent microscope (Nikon, Japan).

Determination of endonuclease-dependent genomic DNA 
fragmentation by agarose gel electrophoresis. Liver cells 
were incubated with medium containing 50 ng/ml YTX for 
48 h. Cells in medium were collected, washed with HBSS and 
resuspended in 50 µl lysis buffer. Following treatment with 
10 µl RNase A (1 mg/ml) at 37˚C for 1 h, the samples were 
treated with 10 µl proteinase K (20 mg/ml) and incubated at 
55˚C for at least 3 h. The lysates were added to 10X loading 
buffer and electrophoresis of extracted DNA was performed 
on 2.0% agarose gels. A 200-bp DNA marker was used to 
compare the sizes of DNA fragments. Bands were visualized 
by ethidium bromide (EB) staining (Molecular Probes Inc.).

Measurement of caspase-3 activity. The activation of 
caspase-3 was determined using a commercial caspase-3 assay 
kit (Beyotime Institute of Biotechnology). Following cleavage 
from the labeled substrate DEVD-pNA, the chromophore 
p-nitroanilide (pNA) may be quantified by 405 nm absorbance 
using an ELISA plate reader. Comparison of the absorbance of 
pNA from an apoptotic sample to an untreated control allows 
for determination of the increase in caspase-3 activity.

Analysis of mitochondrial transmembrane potential. 
The mitochondrial transmembrane potential (MTP) was 
measured using flow cytometry (BD FACScanto, USA) with 
the fluorescent probe Rh 123. Prior to treatment, Rh 123 was 
diluted in PBS to a final concentration of 2 µM. Approximately 
106 cells were collected following trypsinization and incubated 
with 50 ng/ml YTX for 2, 4, 6, 8, 10 or 12 h. Treated cells 
were washed twice with HBSS and incubated in the dark with 
Rh 123 for 30 min at 37˚C. Samples were then analyzed by 
flow cytometry.

Analysis of intracellular calcium levels. HL7702 cells were 
transplanted in a 24-well microplate and cultured at 37˚C until 
90% confluence was reached. After washing twice with HBSS, 
the cells were loaded with Fluo-3 AM at a final concentration 
of 5 µM for 1 h at 37˚C in the dark. Then, the dye loading solu-
tion was removed and the adherent cells were washed twice 
using HBSS.

Fluorescence in labeled cells was analyzed by Olympus 
FluoView FV1000 laser scanning confocal microscopy 
(LSCM). An Argon laser was used in LSCM. The excitation 
wavelength was set at 488 nm and the emission wavelength 
was set at 525 nm for Fluo-3 fluorescence reading. Special 
software was used to measure fluorescence and for initial 
analysis of results. Calcium concentration values of all cells 
observed in each experiment were averaged.

Statistical analysis. All experiments were carried out at least 
three times in duplicate. Results were analyzed using the 
Student's t-test for unpaired data. A probability level of 0.01 
was used for statistical significance. Results were expressed as 
the means ± SEM.

Results

Cell proliferation and toxicity during treatment with YTX. 
In order to verify whether the cell proliferation was inhib-
ited by YTX, an MTT assay was performed. MTT, a yellow 
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water‑soluble compound, may be converted to a purple 
insoluble formazan crystal based on the activity of the 
mitochondrial dehydrogenases in viable cells (27). In our pre-
experiments, serial concentrations of YTX were used and the 
toxin-treated cells were observed every 2 h using an optical 
microscope. Few morphological changes were found in cells 
treated with lower concentrations of YTX (10 and 20 ng/ml) 
in 24 h (data not shown). Thus, increasing concentrations from 
50 to 350 ng/ml were used in the MTT-test. As shown in Fig. 1, 
a significant reduction in HL7702 cell viability was found 
following 24 h of exposure to YTX, and the cytotoxicity of the 
toxin was dose‑dependent.

Morphological changes related to YTX treatment. 
Morphological observations revealed that untreated control 
cells grew well and attached firmly onto the culture flask 
(Fig. 2A). By contrast, cells treated with 50 ng/ml YTX for 
48 h demonstrated loss of native morphology (cell rounding) 
and marginalization of the nuclei (Fig. 2B). Control cells had 
round nuclei and uniform chromatin revealed by Hoechst 
33342 staining; however, cells treated with YTX for 24 h 
demonstrated the typical morphological features of early-stage 
apoptosis, chromatin condensation and apoptotic bodies (Fig. 
2D).

Effects of YTX on chromatin DNA. Following drug incuba-
tion for 48 h, possible DNA damage was evaluated by 2.0% 
agarose gel electrophoresis. The DNA isolated from vehicle-
treated control cells remained completely intact and devoid 
of any fragmentation, while DNA fragmentation (‘laddering’) 
was clearly apparent in the toxin-treated cells (Fig. 3).

Effects of YTX on caspase-3 activity and mitochondrial 
transmembrane potential. Caspases are critical mediators of 
cell apoptosis. The pro-apoptotic caspase-3 was detected in 
cells following incubation with 50 ng/ml YTX for at least 3 h 
(Fig. 4).

Disruption of the MTP is an early intracellular event in 
cell apoptosis. When HL7702 cells were treated with YTX for 

various periods at 37˚C, a decrease in Rh 123 fluorescence 
was observed, indicating a loss of MTP (Fig. 5). The MTP 
began to depolarize following 2 h of incubation with YTX and 
continued to decrease over the next 9 h.

Effects of YTX on the intracellular calcium levels. To investi-
gate whether Ca2+ concentrations were changed in toxin-treated 
apoptotic human liver cells, the average fluorescence intensity 

Figure 1. Effect of YTX on HL7702 cell proliferation. As the concentration 
of YTX increased, the growth of HL7702 cells was markedly inhibited. 
*P<0.01 compared to the control cells.

Figure 2. Morphological changes in HL7702 cells treated with 50 ng/ml YTX 
(magnification, x200). (A and B) Cells observed by optical microscope. Cells 
under optical microscope showed marked alterations in shape associated with 
apoptosis following treatment with YTX for 48 h. These demarcated cells 
eventually detached from the culture plate. (C and D) Hoechst 33342 staining 
of nuclei in untreated control cells and toxin-treated cells. As indicated by 
arrows, cells incubated with YTX demonstrated chromatin condensation and 
nuclear fragmentation.

Figure 3. Electrophoretic analysis of purified DNA from YTX-treated 
HL7702 cells. Sample identities for each lane are as follows: M, 200-bp DNA 
ladder markers; A, untreated control cells; B, cells treated with 50 ng/ml 
YTX. Electrophoresis was carried out on 2.0% agarose gels.
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of intracellular Ca2+ concentration was detected using laser 
scanning confocal microscope (Olympus FluoView FV1000, 
Japan). As shown in Fig. 6, the intracellular calcium levels of 
HL7702 cells were markedly increased following the addition 
of YTX to the medium.

In order to determine whether YTX-evoked Ca2+ increase 
was caused by Ca2+ in the extracellular medium or released 
from cytoplasmic organoids, EGTA at a final concentration 
of 2 mM was added. In the Ca2+-free solution, YTX could 
not evoke a Ca2+ concentration increase (Fig. 7). CaCl2 was 
then added in the medium and a general Fluo-3 fluorescence 
increase was detected.

The possible involvement of the calcium channel was 
investigated in the calcium concentration increase induced by 
YTX. There are a number of drugs known to block various 
calcium conductive pathways. In this study, nifedipine was 
used at a final concentration of 1 µM to block the L-type Ca2+ 

Figure 4. The activity of caspase-3 was elevated in HL7702 cells treated with 
YTX or OA for 0-12 h compared to untreated control cells. *P<0.01.

Figure 5. The MTP of HL7702 cells treated with OA or YTX decreased over 
time as revealed by Rh 123 staining. *P<0.01 relative to untreated control 
cells.

Figure 7. Effect of YTX in a Ca2+-free solution. Cells attached to the micro-
plate were loaded with Fluo-3, and the Ca2+ in the extracellular medium was 
removed using EGTA as indicated by the first arrow. Then, 100 ng YTX was 
added to the medium. Approximately 1 min later, CaCl2 at a final concentra-
tion of 2 mM was added.

Figure 8. Effect of the calcium channel blocker nifedipine on the Ca2+ con-
centration rise induced by YTX. Following addition of nifedipine, YTX was 
added to the extracellular medium as indicated.

Figure 6. Effect of YTX on the calcium levels in a human liver cell line, com-
pared to the control group. HL7702 cells, attached to a 24-well microplate and 
loaded with Fluo-3, were bathed in a balance salt solution containing 1 mM 
CaCl2. As the arrow indicated, 100 ng YTX was added to the bathing medium.
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channels of HL7702 cells; the YTX-induced Ca2+ entry was 
inhibited absolutely by nifedipine (Fig. 8).

Discussion

Tubaro et al demonstrated that YTX may be partly eliminated 
in urine and the concentration of YTX in the blood of mice was 
approximately 6 ng/ml following repeated oral administration 
(1 mg/kg/day, for 7 days) (28). However, YTX absorption could 
be affected by the course of biological metabolism in vivo and 
the toxic effect of low concentrations may be inconspicuous. 
A number of studies in vitro used higher concentrations to 
investigate the mechanism of cytoxicity induced by YTX. 
For example, Pérez-Gómez et al used YTX concentrations 
up to 150 nM (21), and Korsnes et al used 100 nM in routine 
experiments (23,24). Dell'Ovo et al indicated that the IC50 in 
the primary culture of rat cardiomyocytes exposed to the toxin 
for 48 h was approximately 10 nM. However, they used 1 µM 
YTX in the subsequent study to analyze the possible effect of 
YTX on changes of membrane potential and Ca2+ transients 
in cells (29). Our results from the MTT test suggested that 
a concentration of approximately 100 ng/ml YTX was close 
to the IC50 in HL7702 cells exposed to toxin for 24 h. Cells 
cultured in lines seemed to have higher drug tolerance than 
those in primary culture. As concentrations starting from 200 
ng/ml may damage cells markedly, we chose 50 ng/ml YTX 
to study the apoptotic processes in the following experiments.

Apoptosis is characterized by an ordered progression of 
morphological changes that include cell shrinkage, condensation 
of chromatin and externalization of membrane phosphatidyl-
serine (30). Our study revealed that YTX triggered all the usual 
hallmarks of apoptosis: morphological changes, DNA frag-
mentation, increased capase-3 activity, calcium deregulation 
and the loss of MTP. Following treatment with YTX, human 
liver cells exhibited clear chromatin condensation as revealed 
by changes in the spatial profile of Hoechst 33342 fluorescence. 
The Hoechst stains are a family of fluorescent stains used for 
labeling DNA in live or fixed cells for fluorescence microscopy 
and fluorescent-activated cell sorting (FACS). However, since 
Hoechst 33342 binds to DNA, it disrupts DNA replication 
during cell division (31), and so may have decreased prolifera-
tion in the absence of apoptosis. Agarose gel electrophoresis 
confirmed that YTX induced the ‘ladder’ pattern of DNA 
fragmentation caused by endonuclease activation and intra-
nucleosomal DNA breaks (32-34). Therefore, the inhibition of 
growth was likely related to the induction of apoptosis.

The caspase family of intracellular cysteine proteases 
constitutes a pivotal signaling cascade in apoptosis (35). YTX 
elevated caspase-3 activity in HL7702 cells, allowing this 
cysteine protease to degrade cytoskeletal and nuclear proteins. 
The caspase pathway is triggered by the release of mitochon-
drial proteins concomitant with an increase in membrane 
permeability induced by the pore transition complex. Once the 
pore transition complex forms, specific apoptotic activators, 
including a second mitochondria-derived activator of caspases 
and cytochrome C, are released and activate the caspase 
protease cascade. Indeed, loss of MTP is a final common 
pathway in the early events of apoptosis (36). The disruption 
of MTP precedes nuclear DNA fragmentation in the majority 
of models of apoptosis (37-40), indicating that mitochondrial 

factors and caspase activation trigger nuclease activity. The 
disruption of MTP is also associated with increased generation 
of reactive oxygen species and elevation of the Ca2+ concentra-
tion (41).

The intracellular Ca2+ concentration is also a major regu-
lator of programmed cell death; Ca2+ overload or deregulation 
over-stimulates proteases, lipases and endonucleases leading 
to cellular damage and eventually cell death (42). The activa-
tion of endonucleases that cleave DNA during apoptosis is 
Ca2+ and Mg2+-dependent (43). Calcium deregulation may 
also lead to caspase-independent apoptosis (44). It has been 
reported that YTXs induce accumulation of Ca2+ in numerous 
cell types (20,21). In our study, YTX also induced Ca2+ entry 
in human liver cells. The mechanism for this calcium increase 
remains unknown, as is the role of calcium mobilization from 
various sources in apoptotic death. In this study, nifedipine was 
used to block the L-type calcium channels and the YTX-induced 
Ca2+ increase was inhibited. It appears that YTX may act on the 
L-type calcium channels of HL7702 cells. Indeed, while YTX 
appears to activate L-type calcium channels, channel blockers 
did not rescue primary neurons from apoptosis (21). In other 
studies, calcium was shown to play a more permissive effect 
in that calcium elevations were necessary for YTX-induced 
mitochrondrial depolarization, but alone did not induce MTP 
change. Aside from activating calcium-dependent lipases, 
proteins and nucleases, this Ca2+ deregulation and mitochron-
drial uptake has been shown to hasten PTP formation and loss 
of MTP. Additional studies are required to reveal the exact 
mechanisms of apoptosis induced by YTX.

In conclusion, YTX has now been shown to exert cytotoxic 
effects on a variety of mammalian cell types at nanogram per 
ml concentrations. Ingestion of contaminated shellfish could, 
therefore, result in neural, cardiac or hepatic dysfunction. 
Whether the apoptotic effect of YTX differs for normal liver 
and liver cancer cells would be determined in the next step 
of research into potential cancer therapeutics. Aside from the 
potential effects on human health, marine toxins, such as YTX, 
are invaluable probes to elucidate cellular signaling pathways 
under normal physiological and pathological conditions.
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