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ABSTRACT — Lipophilic toxin pectenotoxin-2 (PTX2) is oxidatively metabolized to pectenotoxin-1 
(PTX1), pectenotoxin-3 (PTX3), and pectenotoxin-6 (PTX6) in the Japanese scallop Patinopecten yes-
soensis. This particular metabolism has been observed only in Japanese scallops, in which PTX6 is the 
most dominant lipophilic toxin. We investigated the cytotoxicity of PTX2 and its metabolites PTX1,3,6 in 
a rat cell line (L6) and a human cell line (RD). RD showed an approximately three-fold greater sensitiv-
ity than L6 upon exposure to PTXs. The cytotoxicity of PTXs decreased with degree of oxidation in the 
order PTX2 > PTX1 > PTX3 > PTX6. The calculated half maximal inhibitory concentration (IC50) values 
of PTX2 obtained for the L6 and RD cell lines were 60 and 23 ng/mL, respectively, while those obtained 
for PTX6 for both cell lines were over 2,000 ng/mL. These results demonstrate that PTX6 has extremely 
low cytotoxicity or is non-toxic and that the oxidative metabolism of PTX2 in P. yessoensis is a detoxifi-
cation process.
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INTRODUCTION

The presence of pectenotoxins (PTXs) in shellfish was 
discovered in a mouse bioassay (MBA) using intraperito-
neal (i.p.) injection (Yasumoto et al., 1985; Yasumoto and 
Murata, 1993). About twenty analogues of PTXs (Fig. 1) 
have been reported. Among the PTX analogues, almost 
all PTXs, except for pectenotoxin-2 (PTX2) and pecteno-
toxin-11 (PTX11) are metabolites in bivalves (Suzuki et 
al., 1998, 2001a, 2001b, 2006). Animal studies indicate 
that PTXs are much less toxic via the oral route and that 
they do not induce diarrhea (Miles et al., 2004; Ito et al., 
2008). Since PTXs do not fit the clinical case definition 
of diarrhetic shellfish poisoning (DSP) toxins, they have 
recently come to be considered a separate lipophilic toxin 
group. PTXs show high hepatotoxicity and nephrotoxici-
ty by i.p. or intravenous (i.v.) injection to mice (Ito et al., 
2008). It is also noteworthy that the induction of apop-
tosis by depolymerization of actin is the primary mecha-

nism in cells exposed to PTXs (Ares et al., 2007; Espiña 
et al., 2008, 2010; Shin et al., 2011). 

Many bivalve species such as the mussels Perna 
canaliculus and Mytilus galloprovincialis, and the oyster 
Crassostrea gigas (Suzuki et al., 2001a, 2001b; Miles et 
al., 2004; Amzil et al., 2007) hydrolyze PTX2 to pecteno-
toxin-2 seco acid (PTX2sa), which has been found to be 
nontoxic in a MBA and a cell cytotoxicity assay (Daigu-
ji et al., 1998). On the other hand, the Japanese scallop 
Patinopecten yessoensis has a particularly unique PTX2 
metabolism in which PTX2 is oxidatively metabolized to 
PTX1, PTX3, and PTX6 (Suzuki et al., 1998). Because 
PTX6 is the most dominant toxin in DSP and other lipo-
philic toxins in Japanese scallops (Suzuki et al., 1998), 
detailed investigations on the toxicity of PTX6 have 
been conducted. Assessment of the toxicity of PTX6 is 
also interesting in terms of detoxification of PTX2 in this 
bivalve species. The i.p. lethal level of PTX6 in mice is 
500 g/kg, thus its toxicity is approximately half of the 
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lethal level of PTX1, PTX2 or PTX11 (Yasumoto et al., 
1989; Miles et al., 2004; Suzuki et al., 2006). Given the 
toxicities of PTXs determined by i.p. or i.v. MBA, cul-
tured cell assays have been reported with various kinds 
of cells derived from humans, fish, rats, etc., for basic and 
application purposes (Fladmark et al., 1998; Chae et al., 
2005; Kim et al., 2008; Shin et al., 2008).

In the present study, we investigated the cytotoxicities 
of PTXs in a newly selected rat skeletal muscle myoblast 
cell line (L6) and in a human rhabdomyosarcoma cell 
line (RD). Because there have been few reports compar-
ing cytotoxicities among a series of oxidative metabolites 
of PTXs (PTX2,1,3,6) using the same cell lines under 
the same experimental conditions and cancer cell lines 
considered more sensitive than normal ones (Kim et al., 
2008, 2011). We also evaluated quantitative cytotoxicity 

among PTX2,1,3,6 with PTXs-induced reduction of cell 
viability and apoptosis (Fladmark et al., 1998; Korsnes et 
al., 2006; Kobayashi et al., 2007).

MATERIALS AND METHODS

Chemicals
PTX2, PTX1, PTX3 and PTX6 were isolated from the 

hepatopancreas of bivalves following the method previ-
ously described (Yasumoto et al., 1989). Isolated PTXs 
were identified by nuclear magnetic resonance (NMR) 
spectrometry and mass spectrometry (MS). The purity 
of the PTXs isolated in the present study was confirmed 
by positive and negative full-scan liquid chromatogra-
phy (LC)/MS analysis (Suzuki et al., 2006) and LC-di-
ode array detection (DAD) with slight modifications of 

Fig. 1.   Chemical structure of pectenotoxins.
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the conditions previously described (Suzuki et al., 2006). 
PTXs were dissolved in MeOH at a concentration of  
20 g/mL (w/v).

Cell culture
The L6 and RD cell lines were purchased from the 

Health Science Research Resources Bank (Osaka, Japan). 
Both cell lines were maintained in plastic culture flasks 
(TPP, St. Louis, MO, USA). Medium and reagents were 
purchased from Wako Pure Chemical (Osaka, Japan). The 
L6 cells were cultured in Dulbecco’s modified Eagle’s 
medium with 10% fetal bovine serum (HyClone, Logan, 
UT, USA) and 1% penicillin-streptomycin at 37°C under 
5% CO2. Eagle’s minimal essential medium including  
2 × amino acids and 2 × vitamins with 10% fetal bovine 
serum were employed for the RD cells. The cells were 
observed by microscopy with a 4 × objective and a Moti-
cam 2300 (Shimadzu, Tokyo, Japan).

WST-8 assay
Cytotoxicity was evaluated using a Cell Counting Kit-8 

(CCK-8; Dojindo, Kumamoto, Japan). Highly water-solu-
ble tetrazolium salt, WST-8, is reduced by dehydrogenase 
activities in cells to yield a yellow formazan dye, which 
is soluble in tissue culture media. For the WST-8 assay, 
L6 and RD cells were seeded at a density of 5 × 103 and 
1 × 104 cells/50-L well, respectively, on 96-well micro-
titer plates. Twenty-four hours following cell attachment, 

50-L aliquots of PTXs with various concentrations were 
added. Control cells were incubated in the same con-
ditions with the toxin vehicle, methanol. After 48 hr of 
incubation, 10 L of CCK-8 was added and the cells 
were incubated for another 2 hr. The developed colors 
were measured to determine the optical density (OD) val-
ue at 450 nm using a SpectraMax 190 Microplate Reader 
(Molecular Devices, Sunnyvale, CA, USA). Absorbance 
measured in WST-8 assays was expressed as a percent of 
the control (defined as 100%).

RESULTS

Effect of PTX2, -1, -3, or -6 on cell viability
The effects of PTXs on L6 and RD cell viability for  

48 hr are shown in Fig. 2. PTX2 showed the highest inhi-
bition activity for both cell lines in a concentration-de-
pendent manner (Figs. 2A, E), and PTX1 showed the sec-
ond highest inhibition activity (Figs. 2B, F). While PTX3 
exhibited inhibition activity for RD, it barely affected the 
growth activity of L6 (Figs. 2C, G). PTX6 showed clear-
ly lower inhibition activities than the other PTXs for both 
L6 and RD cells although slight inhibition activity was 
observed on the RD cells (Figs. 2D, H). 

The half maximal inhibitory concentration (IC50) val-
ues of PTXs calculated from the dose-response curves of 
L6 and RD are listed in Table 1. The IC50 values obtained 
for RD were lower than those obtained for L6. This ten-

 

Fig. 2. Dose effect for L6 and RD cells treated with PTX2, -1, -3, or -6. Cell viability was measured by WST-8 assay. L6 and RD 
cells were exposed to various concentrations of PTXs for 48 hr. Each point represents the mean with S.D. of 3-6 determina-
tions. (A-D) Values acquired from L6 cells; (E-H) values acquired from RD cells; (A and E) measured value of PTX2; (B 
and F) measured value of PTX1; (C and G) measured value of PTX3; and (D and H) measured value of PTX6.
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dency was also observed for statins (lovastatin, simvas-
tatin, and mevastatin), which are known to be reagents 
inducing cell apoptosis (Kobayashi et al., 2008), in the 
WST-8 assay (data not shown). These results suggest-
ed that L6 cell line had high tolerance property against 
agents than RD cell line. The IC50 values for PTX2 were 
the lowest among the compared PTXs, and the values for 
PTX1 were approximately three times higher than those 
obtained for PTX2 for both L6 and RD. Although the IC50 
value obtained for PTX3 was lower than that obtained for 
PTX1 for RD cells, no significant inhibitory action was 
observed in L6 cells. It is noteworthy that the IC50 values 
for PTX6 were more than 2,000 ng/mL in both L6 and 
RD cells. The value was considerably higher than those 
obtained for PTX1,2,3. 

Observation of cell morphology under light 
phase-contrast microscopy 

Fig. 3 shows morphological observation of L6 and 
RD cell lines exposed to PTXs. Both L6 and RD cells 
exposed to PTX1,2,3 became round, indicating induced 
compound-dependent apoptosis, as described in previous 
studies (Fladmark et al., 1998; Kim et al., 2011). Similar 
results were also observed in cells exposed to statins (lov-
astatin, simvastatin, and mevastatin) (data not shown). 
PTX3 slightly inhibited the growth of L6 cells at a con-
centration of 100 ng/mL (Fig. 2C), however, the morphol-
ogy of L6 cells was clearly affected by PTX3 in a concen-
tration-dependent manner (Figs. 3A-D). Figs. 3F-N show 
morphological observation of the RD cell lines exposed 
to PTX1 and PTX3. The ratio of degenerative cells 
increased with increasing concentrations of PTX1 and 
PTX3. In agreement with growth curve results, no mor-
phological changes were observed in either L6 cells (data 
not shown) or RD cells (Fig. 3O) exposed to PTX6 at a 
concentration of 2,000 ng/mL. The results of this cyto-
toxicity assay thus indicate the extremely low toxicity or 
non-toxicity of PTX6.

DISCUSSION

The cytotoxicity of PTXs has been reported in sev-
eral previous studies, and the primary mechanisms of 
action have been elucidated with apoptosis by depolym-
erization of actin (Ares et al., 2007; Espiña et al., 2008, 
2010; Shin et al., 2011). On the other hand, to the best of 
our knowledge, no quantitative analyses of the inhibito-
ry activity of oxidative metabolites of PTXs (PTX2,1,3,6) 
have been reported in previous studies. Therefore, quan-
titative analyses of the inhibitory activity of PTXs were 
carried out using tumor-derived cell lines (L6 and RD). 
It was unexpected that the IC50 value of PTX1 for RD 
was higher than that of PTX3 while the response curves  
(Figs. 2F, G), but morphological defects (Figs. 3F-N) of 
RD for PTX1 and PTX3 indicated a higher toxicity of 
PTX1 than of PTX3. The full cytoxcity curves of PTX1 
versus PTX3 on RD cells clearly show a dose response 
in which PTX1 is significantly more toxic than PTX3 at 
the higher doses. The IC50 values differences between RD 
and L6 cells are small and it may be an anomaly. Fur-
thermore, PTX3 decreased L6 cell viability at 100 ng/mL 
(Fig. 2C) and this phenomenon had good reproducibili-
ty. But the morphology of L6 did not exhibit specific tox-
icity at 100 ng/mL of PTX3 (Figs. 3A-E). In any event 
the overall toxicity of PTX1 is clearly more potent when 
the entire dosing curves are considered and are consistent 
with the dosing response and morphological changes. The 
evaluation of toxicity requires prudent observation that 
takes into account the response curve and morphological 
observation. 

Our present results that the cytotoxicity of PTXs 
decreased in accordance with the oxidation of PTX2 to 
PTX6 and PTX6 shows extremely low cytotoxicity is 
robust answer to prove PTX6 is nearly non-toxic. This 
tendency was the same as that obtained in a previous 
i.p. MBA (Yasumoto et al., 1989). These results are also 
consistent with the stronger actin-disassembling activity 
of PTX2 in comparison with that of PTX1 (Ares et al., 
2007). Although the Japanese scallop Patinopecten yes-
soensis lacks the ability to detoxify PTX2 by hydrolyzing 
it to PTX2sa (Suzuki et al., 1998), PTX2 could be detoxi-
fied by an alternative conversion of PTX2 upon the oxidi-
zation of the 43-methyl group to the less cytotoxic PTX6 
in this species. Our previous study found that the injec-
tion of P. yessoensis with PTX6 caused non-toxic symp-
toms (Suzuki et al., 2005). Thus, the present evaluation 
of the cytotoxicity of PTX6 is consistent with the results 
of our previous in vivo experiment on the scallops. PTX6 
could be a rather harmless compound in comparison with 
PTX2 for P. yessoensis. It is believed that the enzyme(s) 

Table 1.   IC50 values of PTXs in L6 and RD.

PTX
IC50 (ng/mL)

L6 RD
PTX2 60.82 23.02
PTX1 198.34 68.85
PTX3 > 2,000 44.32
PTX6 > 2,000 > 2,000
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responsible for the oxidation of PTX2 should be present 
in P. yessoensis as well as in the Greenshell mussel Perna 
canaliculus, in which such an enzyme hydrolyzes PTX2 
to PTX2sa (MacKenzie et al., 2012).
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