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Abstract

:

Diarrhetic shellfish poisoning (DSP) is a globally occurring disease threatening public health and trade. The causative toxins, okadaic acid (OA), dinophysistoxin-1 (DTX1), and dinophysistoxin-2 (DTX2) are collectively called OAs, and are quantified using the LC-MS/MS method. The hazardous effect of total OAs is expressed as the sum of OA equivalents defined for respective OAs based on mouse lethality, produced by either intraperitoneal (OAip) or oral administration (OAor). OAs are potent inhibitors of protein phosphatase 2A (PP2A) and are cytotoxic, necessitating expansion of the concept of OA equivalents to all relevant bioactivities. In this study, we determined OA equivalents for respective OA members in PP2A inhibition and cytotoxicity assays. To secure result credibility, we used certified OAs, reference materials, and PP2A produced using genetic engineering. The relative ratio of the OA equivalents determined by PP2A inhibition assays for OA, DTX1, and DTX2 were 1.0:1.6:0.3, while the ratio determined using the cytotoxicity assays indicated 1.0:1.5:0.5. OA equivalents showed a similar tendency in the PP2A inhibition and cytotoxicity assays, and matched better with oral toxicity data than intraperitoneal toxicity in mice. The PP2A inhibition assay, which measures the core activity of the OAs, suggested a higher OA equivalent for DTX1 than that currently used.
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1. Introduction


Okadaic acid (OA), dinophysistoxin-1 (DTX1), and dinophysistoxin-2 (DTX2) (Figure 1), collectively called OA-group toxins (OAs) due to their structural similarities, are a group of lipophilic natural marine toxins produced by the dinoflagellates Dinophysis spp. and Prorocentrum spp. [1,2,3,4]. These dinoflagellates are distributed worldwide and cause diarrhetic shellfish poisoning (DSP) [5]. On top of this diarrheagenicity [6], the health risks due to OAs are aggravated by their potential tumor-promoting activity [7]. The wide geographic distribution, frequent occurrence, and significant health risks, including potential tumor promotion, have made DSP one of the top issues in seafood safety. Hence, discovering accurate methods to assess the quantity and potency of the respective OAs have become an urgent social task. Presently, three methods exist to assess the harmful effects of OAs. Mouse bioassays (MBA) are based on lethality by intraperitoneal (i.p.) injection or by oral administration. The cell bioassays measure the viability of cultured cells, typically the neuro-2a cells [8]. The protein phosphatase inhibition assay is based on the strong and specific action of OA in inhibiting PP2A [9,10]. The traditionally used MBA is no longer in use because of its lack of accuracy, sensitivity, and regard for animal welfare [11,12]. The LC-MS/MS method, developed as an alternative to MBA, quantifies the OAs with high accuracy [11] but must evaluate the hazardous effects using the OA equivalent that was defined for respective OAs based on mouse lethality measured by either i.p. or oral administration, abbreviated as OAip and OAor, respectively. Thus, the total OA equivalents are used to judge the suitability of shellfish under the current regulatory system (0.16 μg OA equivalent/g whole meat) [12,13]. In the LC-MS/MS method, the reference toxins are used for calibration. The OA equivalents currently recommended for OA, DTX1, and DTX2 are 1.0, 1.0, and 0.6, respectively [14], or 1.0, 1.0, and 0.5 for OA, DTX1, and DTX2, as recommended by FAO/WHO [15]. Recently, based on the acute toxicity of oral administration, the OA equivalents (OAor) were proposed to be 1.0, 1.5, and 0.3 for OA, DTX1, and DTX2, respectively [16]. The OA equivalent recommended for DTX1, however, is considered arguable, because DTX1 was reported to be more toxic than OA in some studies [1,17]. Along with mouse lethality, the strong and specific activity of OAs in inhibiting PP2A can be cited as an important issue because of its potential implication in tumor promotion [5,18]. Thus, we evaluated OA equivalents using the PP2A inhibition assays that colorimetrically measure hydrolysis of p-nitrophenyl phosphate (p-NPP) [19,20,21]. To ensure the high quality of the enzyme, we produced recombinant PP2A (rPP2A) using a baculovirus expression system in High Five insect cells [22,23] and constructed a rapid test kit. The enzyme rPP2A exhibited excellent stability and sensitivity for detecting and quantifying OAs in shellfish [24,25]. The OA equivalent was assessed using standard curves prepared using reference OA. To standardize the evaluation, we proposed the use of inhibition equivalent (OApp2a) defined for respective OAs based on the 50% inhibitory concentration (IC50) values. The third activity to be incorporated into the concept of the OA equivalent is the potent cytotoxicity that the OAs exerts. Shellfish can be tested for OAs using a cell-based bioassay, typically using the neuro-2a cells, and can be judged by the OA equivalents (OAn2a) deduced from the 50% effective concentration (EC50) values [26].




2. Materials and Methods


2.1. Certified Reference Materials


Five types of certified reference materials, CRM-OA-d, CRM-DTX1-b, CRM-DTX2-b, CRM-DSP-Mus-c, and CRM-Zero-Mus, were purchased from the National Research Council (Canada). The certified concentration for CRM-OA-d, CRM-DTX1-b, and CRM-DTX2-b were described as 10.4 ± 0.5, 10.4 ± 0.8, and 4.7 ± 0.3 μmol/L, respectively. Stock solutions of these CRMs were diluted according to the process in Tables S1–S6 for use in the PP2A inhibition and neuro-2a cell viability assays. The certified concentrations (as free acid) for okadaic acid and dinophysistoxins in CRM-DSP-Mus-c were as follows: OA = 1.07 ± 0.08 mg/kg, DTX1 = 1.07 ± 0.11 mg/kg, DTX2 = 0.86 ± 0.08 mg/kg. The total post-hydrolysis concentrations for fatty acid acyl esters of okadaic acid and dinophysistoxins in CRM-DSP-Mus-c were as follows: OA = 2.4 mg/kg, DTX1 = 1.1 mg/kg, DTX2 = 2.2 mg/kg. CRM-Zero-Mus was used as a matrix blank for the analysis of DSP toxins.




2.2. Sample Preparation for PP2A Inhibition Assay from CRM-DSP-Mus-c and CRM-Zero-Mus


Each 2-g portion of CRM-DSP-Mus-c and CRM-Zero-Mus was extracted by Polytron homogenizer with 18-mL 90% methanol at room temperature for 1 min. The homogenate was centrifuged at 2500× g for 10 min. The supernatant (extract) of CRM-DSP-Mus-c was diluted with the extract of CRM-Zero-Mus to the concentrations shown in Table S7. Then, the preparation of the test solutions for the assay was performed according to the method in our previous report [24] as follows: a 50-μL portion of the diluted extract was diluted with 950-μL sample dilution buffer (10% EtOH, 0.5% Tween60 in TE Buffer) to make a test solution for PP2A inhibition assay. A 50-μL portion of the test solution was used for assaying unhydrolyzed samples. Hydrolysis and neutralization of the extract were conducted as described previously [24]. The OA content in the hydrolyzed samples was calculated using a multiplying factor of 1.4 to calibrate the volume increase due to the additions of alkali and acid solutions.




2.3. PP2A Inhibition Assay


rPP2A was synthesized in insect cells (High Five; Invitrogen, Carlsbad, CA, USA) by infecting recombinant baculoviruses encoding Hisx8-tagged human PP2Acα using a baculovirus expression system and purified as described previously [22,23]. The PP2A inhibition assay using rPP2A was conducted in a 96-well microplate as described previously [24]. The details were as follows: Each well contained 50-μL test solution and 100-μL p-nitrophenyl phosphate (p-NPP; 3 mM final concentration). The three or six wells per each test sample were used in the PP2A assay. The reaction was started by the addition of 100 μL (0.08 units) of the rPP2A, and continued for 30 min at 36 °C. The hydrolysis of p-NPP to p-nitrophenol (p-NP) was recorded using a microplate reader (iMark; Bio-Rad Laboratories, Inc., California, CA, USA) at 405 nm against 490 nm as a reference. The PP2A activity (%) using sample dilution buffer as a control (100% PP2A activity) was calculated using the following equation:


PP2A activity (%) = (A1T/A1C) × 100



(1)




where A1T is the absorbance of test solution, and A1C is the absorbance of the control. The dose-dependent curves for the inhibition of rPP2A activity by OAs were constructed using a 4-parameter curve-fitting program (Microplate Manager 6 software, Bio-Rad Laboratories, Inc., California, CA, USA). The limit of detection (LOD = the mean of matrix blanks + 3 SD) and the limit of quantitation (LOQ = the mean of matrix blanks + 10 SD) were calculated from six measurements of the unhydrolyzed and hydrolyzed matrix blanks prepared from mussel CRM (CRM-Zero-Mus) as described previously [24].




2.4. Neuro-2a Cell Culture, Okadaic Acids Exposure, and Cell Viability Assay


Neuroblastoma neuro-2a cells (ECACC:89121404) were purchased from DS PHARMA BIOMRDOCAL (Japan), and cultured in RPMI-1640 medium (R8758; Sigma-Aldrich, MO, USA) supplemented with 10% (v/v) fetal bovine serum (FBS, 2916754; MP Biomedicals, Irvine, CA, USA), 1%(v/v), 100-mM sodium pyruvate solution (S8636; Sigma-Aldrich, St. Louis, MO, USA), and 1%(v/v) Penicillin-Streptomycin Solution (×100) (168-23191; FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan). The cell line was routinely maintained at 37 °C in a humidified atmosphere containing 5% CO2, and sub-cultured after reaching approximately 70% confluence. For experiments, cells were seeded in a 96-well microplate in RPMI-1640 medium (5% FBS, 1-mM sodium pyruvate, 1% Penicillin-Streptomycin Solution) at 2.5 × 104 cells per well. Cells were incubated 24 h before exposure to OAs in the same temperature and humidified atmosphere as described for cell maintenance. After growing the cells for 24 h, exposure to increasing concentrations of OA, DTX1, and DTX2 was conducted in sextuplicate in 100-μL medium for 24 h. The six wells per test sample were used in the neuro-2a assay. At the end of the exposure time, cell viability was measured as described below. The cytotoxicity assay was performed using the Cell Titer 96AQueous One solution Cell Proliferation Assay System (MTS assay; Promega, Madison, WI, USA), according to the manufacturer’s protocols. After exposing the cells to OAs for 24 h, the medium from the cells was removed. Then, 120-μL Cell Titer 96AQueous One solution reagent mixture with RPMI-1640 medium (5% FBS, 1-mM sodium pyruvate, 1% Penicillin-Streptomycin Solution) was added to each well. After incubation for 2 h at 37 °C in a humidified atmosphere containing 5% CO2, absorbance values were read on a microplate reader (iMark; Bio-Rad Laboratories, Inc., California, CA, USA) at 490 nm. RPMI-1640 medium was used as a control (100% cell viability). The cell viability (%) was calculated using the following equation:


cell viability (%) = (A2T/A2C) × 100



(2)




where A2T is the absorbance of test solution, and A2C is the absorbance of the control. The dose-dependent curves for cytotoxicity by OAs were constructed using a 4-parameter curve-fitting program (Microplate Manager 6 software, Bio-Rad Laboratories, Inc., California, CA, USA).





3. Results


3.1. Inhibitory Potency on PP2A Activity and Neuro-2a Cytotoxicity of OA, DTX1, and DTX2


OA equivalents for OA, DTX1, and DTX2 were determined by performing the PP2A inhibition assay [24]. As shown in Figure 2, the OAs inhibited the rPP2A activity in a dose-dependent manner at concentrations ranging from 0.001 nM to 40 nM. The IC50 values deduced from these curves were 0.14, 0.09, and 0.45 nM (0.11, 0.07, and 0.36 ng/mL) for OA, DTX1, and DTX2, respectively. Therefore, the relative ratios for these three OAs were calculated to be 1.0:1.56:0.311 (Table 1). The figures can be rounded to 1.0:1.6:0.3.



The cytotoxicity of these toxins was determined by the viability assays using certified OAs and mouse neuroblastoma neuro-2a cells. As shown in Figure 3, OA, DTX1, and DTX2 were cytotoxic to neuro-2a cells in a dose-dependent manner at concentrations ranging from 1 to 300 nM for OA and DTX1, and 1 to 200 nM for DTX2. The EC50 values (nM) obtained from these curves were found to be 21.6, 14.1, and 41.0 nM (17.5, 11.5, and 33.2 ng/mL) for OA, DTX1, and DTX2, respectively. Therefore, the relative ratio for the three OAs was calculated to be 1.0:1.53:0.53, or 1.0:1.5:0.5 in round numbers (Table 1).



Comparative activity data for the OAs examined by PP2A inhibition (OApp2a) and cytotoxicity assays (OAn2a), are shown in Table 1, with the mouse lethality data in the literature obtained by intraperitoneal (OAip) and oral administration (OAor). The relative bioactivity observed by PP2A inhibition and cytotoxicity assays matched better with the oral mouse toxicity than the intraperitoneal toxicity.




3.2. Validation of OA Equivalents Obtained through PP2A Inhibition Assay Using Reference Shellfish Tissue


To explore the compatibility between OA equivalents produced by the PP2A inhibition assay and the mouse toxicity data, we conducted the PP2A inhibition assay using certified mussel tissues (CRMs, CRM-Zero-Mus, and CRM-DSP-Mus-c). The 7-O-acyl OA and 7-O-acyl DTX1, collectively called DTX3, were subjected to hydrolysis as officially recommended [14]. The quantifiable range in the PP2A inhibition assay was assessed from the calibration curve prepared with CRM of certified concentrations of OA (CRM-OA-d). From the calibration curve shown in Figure 4, the quantifiable range was deduced to lie between 0 and–10 ng/mL. The LOD values were 0.0387 μg/g (unhydrolyzed) and 0.0646 μg/g (hydrolyzed), and the LOQ values were 0.0765 μg/g for unhydrolyzed and 0.0989 μg/g for hydrolyzed samples (Table 2). For calculating the total OA equivalent of hydrolyzed samples, a factor (1.4) was used to calibrate the value increase due to the added alkali and acid solutions. Therefore, the two limits (LOQ and LOD) were slightly higher with hydrolyzed samples. Consequentially, the values in the hydrolyzed blanks were slightly higher than those before hydrolysis, but were still low enough to ensure the detection and quantification of OA at the regulation level (0.16μg/g whole meat) [12,13]. Thus, the assay can detect and quantify OA at a much lower level than requested by the regulation.



To evaluate the accuracy of the assay method, we conducted the PP2A inhibition assay on the certified mussel tissue (CRM-DSP-Mus-c). The resultant OA equivalents based on the PP2A inhibition assays were compared with OA equivalents (Table S8) expected according to the OApp2a shown in Table 1 and the OA concentrations shown in Table S7 (Table 3). The assessment using the OA equivalent values led to slight but consistent overestimation of the contents, and RSD obtained from five separate experiments was 1.7–7.8%. The OA equivalents calculated using the PP2A inhibition assay were 90.3–116.1%. These data, produced using certified material, rather than spiked recovery tests, confirmed the reliability of the PP2A inhibition assay using rPP2A as the method for detecting and quantifying OAs in shellfish.





4. Discussion


In this study, we determined the potency of the OAs to inhibit PP2A activity (OApp2a) and suppress cell viability (OAn2a) using certified reference material. The PP2A inhibitory potency expressed in IC50 decreased by order of DTX1 > OA > DTX2. This order agreed with that defined by acute oral toxicity in mice. The neuro-2a cell viability assays also gave the same order as the OAs. The relative ratio for the three OAs cytotoxicity shown in Table 1 was similar to the results of previous report [8]. Previously, the lethal potencies of OA and DTX1 by intraperitoneal injection were reported, respectively, to be 200 μg/kg [1] and 160 μg/kg [17]. The higher toxicity of DTX1 compared to OA agrees with the results of this study, and suggests the necessity of reevaluating the relative potency of OAs, currently assumed as OA:DTX1 being 1:1.



In the LC-MS analysis, dinophysistoxin-3 (DTX3), the 7-O-acyl esters of OA, and DTX1 are quantified after hydrolysis to OA or DTX1. In the MBA and cytoxicity assays, however, the fatty acids, either present originally or produced by hydrolysis, significantly interfere with the assays, sometimes giving false-positive results [14]. In addition to fatty acids, other concurrent toxins called pectenotoxins (PTX) or yessotoxins (YTX) also produce false-positive results. Therefore, sample preparations for MBA require careful attention to the contaminant fatty acids and other toxins (PTX and YTX). Alternatively, the PP2A inhibition assay is insensitive to the contaminant fatty acids PTXs, and YTXs, providing a distinct advantage over other assays [20]. The data in this study were obtained using certified toxins or materials and rPP2A of high quality. The PP2A assays, along with LC/MS analysis, can determine microcystins besides OAs [27,28]. The assay is simple, inexpensive, ready for use on site, and can handle a large number of samples [29]. This assay method is suitable for broad use as a replacement for MBA, as supported by the consistency with the oral toxicity of MBA.
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Figure 1. Chemical structure of OA, DTX1, and DTX2. 
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Figure 2. Dose-dependent curves for the inhibition of rPP2A activity by OA (a), DTX1 (b), and DTX2 (c). Each point represents the mean (n = 6) with an intra-plate SD of less than 2%. 
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Figure 3. Effect of OA (a), DTX1 (b), and DTX2 (c) on the viability of neuro-2a cells. Each point represents the mean (n = 6) with an intra-plate SD of less than 11%. 
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Figure 4. The calibration curve was obtained using the PP2A inhibition assay. The PP2A inhibition assay was conducted with OA standard solutions (0, 0.5, 1.0, 1.5, 2.0, 2.5, 5.0, and 10.0 ng/mL) prepared from OA CRM (CRM-OA-d). Each point represents the mean (n = 3) with an RSD of less than 2.5%. 
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Table 1. IC50 values of OAs in the PP2A inhibition assay, EC50 values of OAs in the neuro-2a assay, and comparison of OA equivalents for OAs based on the PP2A inhibition, cytotoxicity, and mouse lethality.






Table 1. IC50 values of OAs in the PP2A inhibition assay, EC50 values of OAs in the neuro-2a assay, and comparison of OA equivalents for OAs based on the PP2A inhibition, cytotoxicity, and mouse lethality.





	
Toxins

	
PP2A Inhibition

	
Cytotoxicity

	
Mouse Lethality




	
IC50 (nM)

	
OApp2a a

	
EC50 (nM)

	
OAn2a b

	
OAip c

	
OAor d






	
OA

	
0.14

	
1

	
21.6

	
1

	
1

	
1




	
DTX1

	
0.09

	
1.6

	
14.1

	
1.5

	
1

	
1.5




	
DTX2

	
0.45

	
0.3

	
41.0

	
0.5

	
0.5

	
0.3








a OA equivalent (OApp2a) based on PP2A inhibition activity in this study. b OA equivalent (OAn2a) based on cytotoxicity to neuro-2a cells in this study. c OA equivalent (OAip) based on acute intraperitoneal toxicity in mice [15]. d OA equivalent (OAor) based on acute oral toxicity in mice [16].
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Table 2. Limits of detection (LOD) and quantitation (LOQ) for Mussel.






Table 2. Limits of detection (LOD) and quantitation (LOQ) for Mussel.





	
Matrix

	
Mussels




	
Unhydrolyzed

	
Hydrolyzed






	
Mean a (μg/g)

	
0.0225

	
0.0499




	
SD

	
±0.0054

	
±0.0049




	
LOD b (μg/g)

	
0.0387

	
0.0646




	
LOQ c (μg/g)

	
0.0765

	
0.0989








a Mean value of 6 independent matrix blanks prepared from mussel CRM (CRM-Zero-Mus). b Mean value + 3 × SD. c Mean value + 10 × SD.
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Table 3. OA equivalents (μg of OA eq /g whole meat) determined by PP2A inhibition assay and expected according to the OApp2a.






Table 3. OA equivalents (μg of OA eq /g whole meat) determined by PP2A inhibition assay and expected according to the OApp2a.





	
Sample

no.

	
OA Equivalents (μg/g)

	
Accuracy (%)(a)/(b)×100




	
PP2A Inhibition Assay Result

in the Present Study (a)

	
Expected Equivalent *

according to the OApp2a (b)

	




	
Mean

	
RSD (%)






	
1

	
0.5487

	
5.6

	
0.6080

	
90.3




	
2

	
0.3282

	
3.6

	
0.3040

	
108.0




	
3

	
0.1733

	
7.8

	
0.1507

	
115.0




	
4

	
0.5293

	
2.4

	
0.4820

	
109.8




	
5

	
0.2798

	
6.4

	
0.2410

	
116.1




	
6

	
0.1332

	
1.7

	
0.1213

	
109.8








Sample no. 1, 2, 3 = unhydrolyzed, 4, 5, 6 = hydrolyzed samples. * Total OA equivalents are shown in Table S8.
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