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ARTICLE INFO ABSTRACT

Article history: Nitzschia navis-varingica is a diatom that is known to produce significant levels of amnesic shellfish
Recefved 23 September 2010 poisoning (ASP) toxins. A total of 33 N. navis-varingica strains were isolated from four brackish water
Rece“’e‘z‘“ ";"‘;e‘i f°“;‘02121 February 2011 localities in the Philippines and Indonesia, and cultured to characterize the toxins produced. The isolates
Accepted 23 February were analyzed for domoic acid (DA) and isodomoic acids A (IA) and B (IB) by HPLC with fluorescence
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varla niine e detection. Two toxin composition types were detected that have not been previously described: strains

producing only IB and strains producing DA-IA-IB. These two types were isolated from two different
Key Wor.ds" - localities. Eighteen strains were isolated from the Philippines (northern Luzon Island). Among them, 10
Amnesic shellfish poisoning isolates from Alaminos produced only IB with toxi tent of 3.05 11 isolat

Domoic acid produced only IB with an average toxin content of 3.05 pg cell™", seven isolates
Estuary from Bulacan produced DA and IB with average toxin contents of 0.68 pg cell™! and 1.18 pg cell™?,
Isodomoic acid respectively. One isolate from Cavite produced DA, IA, and IB with a toxin content of 0.58, 0.20, and
Nitzschia navis-varingica 0.92 pg cell™!, respectively. Fifteen isolates from Indonesia (Bone, South Sulawesi) produced only DA
Pennate diatom (four isolates) or DA with trace amounts of IB (eleven isolates), with an average toxin content of
2.38 pgcell™! and 0.06 pg cell™?, respectively. Sub-strains were established from strains producing
either of the three toxin types: IB, DA-IA-IB, and DA-trace IB. Results showed that the toxin composition
type was the same for parent and sub-strains, indicating that the toxin composition is a stable character

for a strain.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction producing Pseudo-nitzschia spp. have been found in subsequent

searches primarily in temperate areas, although the toxin level

Domoic acid (DA) and its derivatives (e.g., isodomoic acids A, B, varied widely (Garrison et al., 1992; Martin et al,, 1990; Lundholm

C, G, and H) (Maeda et al.,, 1986; Zaman et al., 1997) are insecticidal et al., 1994; Rhodes et al., 1996; Rhodes, 1998; Orsini et al., 2002).

agents first isolated from the macro-alga Chondria armata Among them, three Pseudo-nitzschia species (P. multiseries, P.

(Takemoto & Daigo, 1958). Later, DA was identified as the toxin australis, and P. seriata) are known to produce high levels of DA

responsible for amnesic shellfish poisoning (ASP) (Wright et al,, (Bates et al., 1989; Garrison et al., 1992; Lundholm et al., 1994;
1989) followed by identification of the isomers isodomoic acids D, Rhodes et al., 1996).

E, and F as minor components (Wright et al, 1990), and the During a more recent search for DA-producing diatoms in
causative organism was traced and identified as the diatom tropical waters, a major DA-producing benthic diatom was isolated
Pseudo-nitzschia multiseries (Bates et al., 1989). A number of DA- from Vietnam (Kotaki et al., 2000). This organism was identified as

a new species, Nitzschia navis-varingica (Lundholm and Moestrup,

2000: Bates, 2000). This species has also been isolated from

* Corresponding author. Tel.: +81 192 44 2121; fax: +81 192 44 2125. brackish water areas in the Philippines and Japan (Kotaki et al,
E-mail address: kotaki@Kkitasato-u.ac.jp (Y. Kotaki). 2004). Recently, some of the Philippine strains of N. navis-varingica

1568-9883/$ -~ see front matter © 2011 Elsevier B.V. All rights reserved.
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Fig. 1. Structure of domoic acid and isodomoic acids A and B.

were found to produce not only DA but also isodomoic acids A (1A)
and B (IB) as major toxin components (Kotaki et al., 2005) (Fig. 1).
ASP toxin production was then re-investigated using the strains of
N. navis-varingica from the Philippines and a few other Asian
countries (Japan, Vietnam, and Thailand) and three types of ASP
toxin composition (DA, DA-IB, IA-IB) were detected. The most
abundant toxin composition type was a combination of DA and IB
(DA-IB), with the ratio of IB ranging from trace to ca. 80%. This type
was found in strains from Japan, Thailand, Vietnam, and the
Philippines (Kotaki, 2008; Kotaki et al., 2008; Romero et al., 2008).
Isolates from restricted areas in the northern part of the Philippines
had another toxin composition (IA and IB) (Bajarias et al., 2006;
Kotaki, 2008; Kotaki et al., 2008). However, the composition and
geographical distribution of toxins from southernmost Asia, such
as Indonesia and Malaysia, and most of the northern part of the
Philippines have not been studied.

We report here the results of a toxin screening of 33 N. navis-
varingica strains from South Sulawesi in Indonesia and three
localities in the Philippines. We document two new toxin
composition types (1B and DA-1A-1B) from two different localities
in the Philippines, although IA and IB might not pose a major health
risk because of their lower toxicity than DA (Munday et al., 2008).

2. Materials and methods
2.1. Isolation and identification of N. navis-varingica

Samples were collected from the surface of mangrove roots or
palm tree leaves hanging down into the water in estuarine areas
using a handy scoop net (20 pum). Sampling was conducted in three
areas of Luzon Island, Philippines, including several brackish sites,
in December 2007 and December 2008: Alaminos in Pangasinan,
and Bulacan and Cavite in Manila Bay (Fig. 2). Sampling was also
conducted in several other brackish sites: Panyula, Bone in South
Sulawesi (July 2008), Jakarta Bay (March 2009), Lampung Bay
(March 2009), and Sangihe Island (May 2009), all in Indonesia, and
finally in Kota Kinabalu, Malaysia (May 2008) (Fig. 2).

Crude cultures were prepared by mixing aliquots (0.2 mL or
1.0 mL) of net sample with 30 mL of /2 medium in 50 mL tissue
culture flasks (Greiner bio-one, Tokyo, Japan), and incubating them
at 25 °C under an irradiance level of 60 pmol photons m~2 s~! with
a 16:8 h light:dark cycle. f/2 medium was prepared (Guillard, 1983)
using sea water diluted with distilled water to a salinity of ca. 27 psu.
Uni-algal cultures of N. navis-varingica were established from crude
cultures by capillary washing of single cells under a light microscope
(LM) according to the morphological characteristics of N. navis-
varingica (Lundholm and Moestrup, 2000; Kotaki et al., 2005). The

cells possess two yellow-brown chloroplasts at each end of the cell
and are lanceolate in valve view. Cells are 38-110 p.m long and 9~
11 wm wide. In girdle view, the cells are rectangular and slightly
indented at the middle. Most cells form ribbon-shaped colonies
while growing (Kotaki et al., 2004). Experience have shown, that
using these light microscopical characters allow us to isolate strains
that have a high likelihood of being N. navis-varingica. One
representative strain from each collection site was further
investigated morphologically to confirm the identification using
transmission electron microscopy (TEM) according to the method of
Lundholm and Moestrup (2000). Subsamples were fixed in formalin
(final concentration 3.7%). Representative strains identified using
TEM were PBULD 07-4 (Bulacan, Manila Bay), PCAVA 07-2 (Cavite,
Manila Bay), PALMC 07-1 (Alaminos, Pangasinan) (all from the
Philippines), and IBNA 08-3, IBNB 08-4, and IBNC 08-3 (Panyula,
Bone in South Sulawesi, all from Indonesia).

2.2. Analysis of ASP toxins in N. navis-varingica cultures

Isolates were cultured in 30 mL f/2 medium in 50 mL tissue
culture tubes under the same culture conditions described in
Section 2.1. The cultures were harvested after a 3-week culture
period (mid-stationary growth phase). A 3 mL aliquot of whole
culture was retrieved, boiled for 5 min and then centrifuged after
being cooled to room temperature (Bajarias et al., 2006). A 2 mL
aliquot was also retrieved for determining the cell density (Kotaki
etal,, 2000). Toxin profile analysis was done for DA, IA, and IB using
HPLC-fluorescence analysis with pre-column derivatization using
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Fig. 2. Sampling areas in the Philippines, Indonesia, and Malaysia.
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9-fluorenylmethylchloroformate (FMOC-CI) according to the
slightly modified method of Pocklington et al. (1990) in which a
Develosil ODS-5 column (4.6 x 250 mm, Nomura, Seto, Aichi,
Japan) and a mobile phase of 40% acetonitrile in 20 mM phosphate
buffer (pH 2.5) was used. The cellular toxin content was expressed
on a per cell basis (pg cell™"), which is calculated by dividing the
total amount of each toxin (ng mL~1!) in the entire culture by the
corresponding density of cells in the culture. The number of cells
was determined using 5 pL of culture under LM in a Sedgewick-
Rafter counting chamber. Samples were counted in triplicate and
the average cell number was used for the cellular toxin content
calculation. Standard toxins were purified from a mass culture of N.
navis-varingica that produces both IA and IB (for IA and IB
standards) and an extract of the red alga C. armata that produces
high amount of DA and small/trace amount of IA, 1B, 5'-epi-DA, etc.
(for DA standard) collected in Kagoshima Prefecture, Japan. These
were calibrated using commercial Canadian standard toxin (DACS-
1D, DA) or purified toxins (1A and IB) (Kotaki et al., 2005).
Confirmation of toxin production of the representative strains was
performed by LC-MS/MS using multiple reaction monitoring (MRM)
(Takata et al., 2009). A 1L mass culture of each strain was filtered
(mixed cellulose ester 3 pm pore size filters, Advantec, Tokyo, Japan)
at the end of the three-week culture period and the cells were
extracted by boiling followed by ultrafiltration (10,000 Da cut-off).
LC-MS was performed on an HP1100 LC system (Agilent Technolo-
gies, Santa Clara, CA) coupled to an Applied Biosystems/MDS Sciex API
2000 triple quadruple mass spectrometer (Applied Biosystems, Foster
City, CA). LC separation was performed using a slight modification of
the method described in the Canadian standard DACS-1D manual. A
Wakosil Navi C18-5 column (2 mm x 250 mm; Wako, Tokyo, Japan)
was employed, and analytes were eluted over 20 min using a linear

gradient from 10% acetonitrile in 0.1% formic acid to 20% acetonitrile
in 0.1% formic acid with a flow rate of 0.2 mL min~". The MS analysis
was achieved by MRM with a turboion-spray interface in positive ion
mode. Three MRM transitions from the protonated DA ion were
monitored (m/z 312-266, m/z 312-248, and m/z 312-161). Standard
toxin was prepared from an extract of C. armata and calibrated using
commercial Canadian standard toxin (DACS-1D) or purified toxins (IA
and IB) (Kotaki et al.,, 2005).

2.3. Toxin composition of N. navis-varingica sub-strains

Sub-strains were prepared by capillary washing of single cells of
two representative parental Philippine strains: PALMC 07-1
(Alaminos, 1B type), PCAVA 07-2 (Cavite, DA-IA-IB type), and
one Indonesian parental strain: IBNB 08-2 (Panyula, Bone, DA-
trace IB type), after having been pre-cultured for one week under
the same conditions as the batch cultures in Section 2.1. Sub-
strains were cultured for three weeks as described in Section 2.1,
harvested and analyzed for toxin production as described in
Section 2.2. The toxin composition was then compared with that of
the parental strain. Parental strains were maintained for more than
half year by inoculating aliquots of old culture into new f/2
medium every month followed by culturing for one week under
the same conditions in Section 2.1.

3. Results
3.1. Isolation and identification of N. navis-varingica

Ten isolates of N. navis-varingica were obtained from Alaminos
(PALM 07/08 strains, one in 2007 and nine in 2008), seven were
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Fig. 3. HPLC-fluorescence analyses of ASP toxins from representative Nitzschia navis-varingica strains. Upper chromatogram of (A), (B), (C) and (D); standard toxins DAKS 04-1
containing IA, IB and DA (8.7, 9.2, and 17.5 ng/mL) analyzed at the same time as the respective sample. Lower chromatogram of (A), (B), (C) and (D); sample extracts of (A)
PALMC 08-1 strain isolated from Alaminos, Pangasinan, (B) PBULD 07-5 isolated from Bulacan, Manila Bay, (C) PCAVA 07-2 isolated from Cavite, Manila Bay, all in the Luzon
Island, the Philippines and (D) IBNB 08-3 isolated from Panyula, Bone, South Sulawesi, Indonesia. DA, domoic acid; IA, isodomoic acid A; IB, isodomoic acid B. *Side-products
derived from the FMOC-Cl reagent. The amount of each derivative often varies due to contamination with compounds (e.g., other amino acids) that compete with ASP toxins
and/or due to reaction conditions (Pocklington et al., 1990), *a: Side-products and/or reaction products derived from contaminants in the medium and other compounds in
the culture (e.g., neutral amino acids) that react with the FMOC-Cl reagent. Analytical conditions: Develosil ODS-5 column (4.6 mm x 250 mm, Nomura); mobile phase, 40%
acetonitrile in 20 mM phosphate buffer (pH 2.5); column temperature, 55 °C; flow rate, 1 mL min~'; fluorescence detection, EX. = 264 nm, Em. =313 nm.
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obtained from Bulacan (PBULD 08 strains), and one from Cavite
(PCAVA 07 strain), all from the Philippines (Fig. 2). Fifteen strains of
N. navis-varingica were obtained from Panyula, Bone, South
Sulawesi, Indonesia (IBN 08 strain). No strains of N. navis-varingica
were isolated from Jakarta Bay, Lampung Bay and Sangihe Island,
all in Indonesia, or from Kota Kinabalu, in Malaysia (Fig. 2).

Morphological TEM studies of the strains PALMC 07-1 (Alaminos,
Pangasinan), PBULD 07-4 (Bulacan, Manila Bay), PCAVA 07-2 (Cavite,
Manila Bay) (all from the Philippines), and IBNA 08-3, IBNB 08-4,
IBNC 08-3 (Panyula, Bone, all from Indonesia) that were positive for
ASP toxin production agreed with Lundholm and Moestrup's (2000)
description of N. navis-varingica. Characteristic silica ridges were
observed in the wall of the raphe canal and on the mantle. The girdle
bands were ornamented by silica warts and the valvocopula had 1-3
rows of poroids. On the valve, the density of interstriae was 25-28 in
10 wm, and the poroids in the uniseriate striae had a density of 3-5
poroids in 1 wm. The raphe was interrupted in the middle by a
central interspace and the fibulae that did not show a central larger
interspace had a density of 8-11in 10 pm. The density of the poroids
on the girdle bands was 32-42 in 10 pm.

3.2. ASP toxin production in N. navis-varingica cultures

Representative HPLC chromatograms and the average toxin
composition of each strain positive for ASP production are shown in
Figs.3 and 4. Tenisolates from Alaminos, Pangasinan, the Philippines
(PALM 07/08 strains) showed a new toxin composition type
consisting only of IB. The isolates had an average toxin content of
3.05 pg cell! (o =3.65) (Fig. 3A, lower chromatogram). All seven
isolates from Bulacan, Manila Bay, the Philippines (PBUL 07 strains)
had the typical DA-IB toxin composition similar to that of strains
isolated from the southern Philippines (Kotaki et al., 2005, 2008;
Kotaki, 2008). The average content of DA and IB in the toxin across all
strains was 0.68 pg cell™" (o =0.35) and 1.18 pg cell™! (o = 0.46),
respectively (1.86 pg cell™! in total), and the DA:IB ratio was 37:63
(Fig. 3B, lower chromatogram). The strain isolated from Cavite,
Manila Bay, the Philippines (PCAVA 07) had a new toxin composition
type containing all three toxins (DA-JA-IB). The total toxin content
for this strain was 1.70 pg cell~ (DA, 1A, and IB toxin content: 0.58,
0.20, and 0.92 pg cell™", with a DA:IA:IB ratio of 33:14:53) (Fig. 3C,
lower chromatogram). The toxins produced by the 15 strains from
Panyula, Bone, South Sulawesi, Indonesia consisted either of DA (4
strains) or DA-trace IB (11 strains). The average DA and IB toxin
content across all the strains was 2.38 pgcell™! (o=1.13) and
0.06 pg cell™? (o =0.06), respectively (2.44 pg cell~" in total), and
the DA:IB ratio was 98:2 (Fig. 3D, lower chromatogram).
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Fig. 4. Toxin composition of Nitzschia navis-varingica isolated from Luzon Island,
Philippines and South Sulawesi, Indonesia. Black, domoic acid (DA); white,
isodomoic aid A (1A); grey, isodomoic acid B (IB). Strains tested: PALM (Alaminos,
Pangasinan, Philippines, One isolate in 2007 and 9 isolates in 2008), PBUL (Bulacan,
Manila, Philippines, 2007), PCAVA (Cavite, Manila, Philippines, 2007), IBN (Panyula,
Bone, South Sulawesi, Indonesia, 2008).
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Fig. 5. Selected ion monitoring LC~MS/MS chromatogram of domoic acid and its
isomers. Three MRM transitions from protonated DA were monitored (m/z 312~
266, mfz 312-248, and m/z 312-161). DA, domoic acid; 1A, isodomoic acid A; 1B,
isodomoic acid B. Standard toxins purified from Chondria armata followed by
calibration with Canadian standard (DACS-1D) and isodomoic acids A and B purified
from Nitzschia navis-varingica (Kotaki et al., 2005). (B) MRM chromatogram of toxin
from N. navis-varingica strain PALMC 08-1 isolated from Alaminos, Pangasinan, the
Philippines. (C) MRM chromatogram of toxin from N. navis-varingica strain PCAVA
07-2 isolated from Cavite, Manila Bay, the Philippines. (D) MRM chromatogram of
toxin from N. navis-varingica strain IBNB 08-2 isolated from Panyula, Bone, South
Sulawesi, Indonesia.

As shown in Fig. 5, the major toxin types produced by
representative strains were confirmed by LC-MS/MS using
multiple reaction monitoring (MRM) and comparing the results
with LC chromatograms of standard toxins (Fig. 5A). Production of
the following toxins was confirmed: (1) only IB was produced by a
strain from Alaminos, the Philippines (PALMC 08-1 strain, Fig. 5B),
(2) DA, 1A, IB were produced by a strain isolated from Cavite, the
Philippines (PCAVA 07-2 strain, Fig. 5C), and (3) DA and IB were
produced by the strain isolated from Panyula, Bone, South Sulawesi
Island, Indonesia (IBNB 08-2 strain, Fig. 5D).

3.3. Toxin composition of the N. navis-varingica sub-strains

Results of toxin composition analyses of the sub-strains are
shown in Fig. 6 together with those of the corresponding parent.
Thirty-three sub-strains were established from the IB type
Philippine parental strain (PALMC 07-1 strain) with the IB toxin
content of 4.59 pg cell™?. All sub-strains had the same IB type toxin
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Fig. 6. Toxin composition of the sub-strains of Nitzschia navis-varingica compared
with the respective parental strain. Black, domoic acid (DA); white, isodomoic aid
(1A); grey, isodomoic acid B (IB). Parental strains used: PALM 07-1 (Alaminos,
Pangasinan, Philippines, 2007), PCAV 07-2 (Cavite, Manila, Philippines, 2007), IBN
08-2 (Bone, South Sulawesi, Indonesia, 2008).

composition. The toxin composition was 100% 1B with an average
toxin content of 4.63 pg cell™? (o = 1.28), entirely lacking IA and DA
(Fig. 6). Ten sub-strains were established from the DA-IA~IB type
Philippine parental strain (PCAVA 07-2 strain) which had a total
toxin content of 1.70pgcell™! with a DA:IA:IB toxin ratio of
33:14:53. The toxin in all the sub-strains was composed of DA-1A-
IB, similar to the parental strain, with an average toxin content of
0.33 pg cell~* (o= 0.30), 0.19 pg cell"! (o= 0.15), and 0.60 pg cell™"
(o = 0.45), respectively, and with a DA:1A:IB toxin ratio of 29:17:54
(Fig. 6). Eleven sub-strains were established from the Indonesian
parental strain having a DA-IB type toxin composition (IBNB 08-2
strain) showing the total toxin content 0f 1.55 pg cell"'witha DA:IB
toxin ratio of 96:4. All sub-strains had the same toxin compositionas
the parental strain (DA-IB). The average DA and IB toxin content was
1.09 pg cell~? (o= 0.64) and 0.07 pg cell™! (o = 0.02), respectively,
with an average DA:IB ratio of 94:6 (Fig. 6).

4. Discussion

We confirmed that N. navis-varingica can be found in estuarine
areas of the northern part of Luzon Island, the Philippines and in
South Sulawesi, Indonesia (Fig. 2). Interestingly, all 10 strains

North Do Son, Vietnam n=84

T - DA65%  IB 35%

Bangkok, Thailand n=18
| ]
DAG5%  1B5%

Indian Ocean

*South Sulawesi, Indonesia n=15

DA 98%

1B 2%

isolated from Alaminos, Luzon Island had a toxin composition only
of IB without even trace amounts of any other isomers. The single
isolate from Cavite, Luzon Island had the toxin content composed
of DA-IA-IB. Neither of these two toxin composition types has
been detected before in any diatom as major toxin components,
and is described for the first time in the present study. Other
isolates from Bulacan, Luzon Island, the Philippines and Bone,
South Sulawesi, Indonesia showed the major toxin composition of
DA-IB (including only DA) similar to N. navis-varingica from areas
other than Luzon Island (Kotaki et al., 2005, 2008; Bajarias et al.,
2006; Kotaki, 2008). Though total toxin content of each isolate had
rather high variability, toxin composition was the same within
each toxin composition type. The variability might come from a
difference of culture conditions (e.g. difference of co-existing
bacteria, difference of light intensity due to the location of tissue
culture tube, etc.).

In this study, N. navis-varingica samples were collected mainly
in dry season. It is thus unknown whether there is a seasonal
difference in the distribution and toxin compositions of N. navis-
varingica. Furthermore, we have not explored the possibility of
other benthic diatoms producing ASP toxins. However, in Sakari
Estuary, near our college, in Japan, N. navis-varingica could be
isolated throughout the year (even in winter season, data not
shown), all strains showing the same toxin composition (DA-IB).
Our data indicate that N. navis-varingica might show the same
toxin composition during all seasons in tropical areas. Detailed
studies in different seasons at the same locality will be needed to
further explore the seasonality of the distribution and toxin
composition of N. navis-varingica in tropical areas.

Toxin compositions of N. navis-varingica isolates are summa-
rized in Fig. 7 together with previously published results (Kotaki
et al., 2005, 2008; Bajarias et al., 2006; Romero et al., 2008; Kotaki,
2008). The strains isolated from Panyula, Bone, South Sulawesi,
Indonesia showed a DA-trace IB toxin composition type that was
similar to those of strains isolated from Northern Japan (Kotaki
et al., 2008; Kotaki, 2008) and Thailand (Romero et al., 2008), in
contrast to the typical DA-IB type strains from Okinawa,
southernmost Japan, strains from Vietnam, and some strains from
the southern Philippines which had a higher proportion of IB (more
than ca. 20%) (Kotaki et al., 2005, 2008; Kotaki, 2008). Our results
show that toxin composition is not related to latitude, in contrary
to what has previously been suggested, namely that the proportion
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Pacific Ocean
Okinawa, Japan n=56
DA 72% 1B 28%
*Alaminos, Philippines n=10
B
Bulacan, Ia Pilp ines n=36
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*Bulacan, Philippines n=7

DA 37% 1B 63%
*Cavite, Philippines n=1
[
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South Luzon, Leyte, Philippines n=31
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Fig. 7. Distribution and toxin composition of Nitzschia navis-varingica in Asian waters. Summary of the present studies and Kotaki et al. (2005, 2008), Bajarias et al. (2006),
Romero et al. (2008) and Kotaki (2008). Black, domoic acid (DA); white, isodomoic acid A (IA); grey, isodomoic acid B (I1B). *The present study.
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of IB in the DA-IB type toxin should be higher in lower latitudes
(Kotaki et al., 2005, 2008; Kotaki, 2008).

Sub-strains were established from strains representative of
three different toxin composition types (IB, DA-IA-IB, and DA-
trace IB), followed by toxin analysis. All of the sub-strains had the
same toxin composition as the parental strains. As the parental
strains were maintained for more than half year until use, above
results demonstrate that toxin composition is most likely a stable
character, although the exact ratio of each toxin component varies
within each toxin composition type (Fig. 6). The stability of the
character is also supported by supplemental batch culture
experiments that were done using PALMC 07-1 (IB type) and
PCAVA 07-2 (DA-]A-IB type) strains for up to 36 days resulting in
confirmation that they maintained the same toxin profile type
during the entire experimental period (PALMC strain; toxin
content of IB increased up to 4.3 pg cell™! at 36 day and PCAVA
strain; total toxin content of DA-IA-IB showed maximum of
5.0 pg cell™! at 28 day with the DA:IA:IB ratio of 37:14:49 and
decreased to 4.2 pgcell™? at 36 day with the DA:IA:IB ratio of
34:13:53).

As shown in Fig. 6, toxin content per cell between parent and
sub-strain of PALMC 07-1 was almost the same (ca. 4.6 pg cell™)
but in case of PCAVA 07-2 (DA-]A-IB type) and IBNB 08-3 (DA-IB
type), average toxin content per cell of the sub-strains was a little
lower than those of the parents. However, these differences are
included in the variability of sub-strains (PCAVA; o =0.87, IBN;
o =0.66).

Trace amounts of other isomers (e.g., isodomoic acids D and E
together with DA, 1A, and IB in the PCAVA 07 strain (Fig. 5C) and 5'-
epi-DA together with DA and IB in the IBNB 08-2 strain (Fig. 5D)
were detected in LC-MS/MS chromatograms of toxins from
representative strains. However, the presence of these additional
minor isomers was not confirmed in HPLC chromatograms with
fluorescence detection because of low concentrations using an
analysis method to extract samples without concentration
(Pocklington et al., 1990; Kotaki et al, 2004). It is uncertain
whether these minor isomers were artifacts produced by UV or
heating (Wright et al., 1990; Quilliam, 2003) or whether they were
bio-synthesized. Nevertheless, we did confirm that DA, IA, and IB
are the major components of N. navis-varingica toxin, and that the
toxin composition is more complex than previously reported
(Kotaki et al., 2005, 2006; Bajarias et al., 2006; Kotaki, 2008). The
presence of isodomoic acid C (IC) simultaneously with DA was
recently reported in toxin of P. australis and shellfish that have fed
on P. australis (Holland et al., 2003, 2005; Rhodes et al., 2003). We
did not determine whether IC was present in this study due to a
lack of standard toxin for comparison. However, it is unlikely that
IC constitutes a major component of the toxin profile because no
other apparent peak was observed in any of the HPLC and LC-MS/
MS chromatograms.

Interestingly, only N. navis-varingica isolates from northern
Luzon Island had a toxin composition different from the major DA-
IB type. In total, three different toxin profiles have been confirmed
in isolates from Luzon Island: IA-IB (Kotaki et al., 2005, 2008;
Bajarias et al.,, 2006), IB, and DA-IA-IB (present study) (Fig. 7). The
strains are morphologically similar to those found in other/close
localities (Haiphong in Vietnam, Okinawa in Japan, the southern
Philippines and Bulacan Estuary, Manila Bay in the Philippines).

One of the strains showing DA-IB toxin composition has been
shown to change its toxin composition to the IA-IB type when
grown in axenic culture and it returned to the original DA-IB type
when the culture medium was replaced with the cell-free but non-
axenic medium of the parental strain (Kotaki et al., 2008). This
suggests that bacteria might play a role in controlling the toxin
composition, but the mechanism is presently unknown. One
possibility is that some kinds of bacteria might enhance DA

production and/or block IA production and/or consume IA. Such
bacteria might be absent at sites from which strains having a toxin
composition that includes IA were isolated. Five types of ASP toxin
compositions have been identified to date, namely DA, DA-IB, 1A~
IB, IB, and DA~IA-IB, although the difference between DA and DA-
IB is uncertain because the ratio of IB varies (Fig. 7).

For the primary screening of ASP toxin-producing N. navis-
varingica, the culture conditions described in Section 2.1 were
used. The conditions are considered to be sufficiently similar to
those of the seawater from which these N. navis-varingica strains
were isolated. Temperature and salinity appear to not affect the
toxin composition based on preliminary experiments (data not
shown), but systematic examination of the factors affecting the
toxin composition of this diatom, including co-existing bacteria, is
needed. The detailed processes of the production of each toxin
component are being investigated for determining the toxin
production mechanism.

The toxicity of 1A, IB, and IC is reported to be significantly lower
than DA alone (Munday et al., 2008), suggesting that these toxins
pose a lower risk to humans. However, the structural difference of
DA and IB is based on the position of only one double bond: 3/-4’
(DA)and 4'-5' (1A), and in 1A and IB, the difference is due to only the
configuration of Z (IA) and E (IB) at the 1’-2’ double bond (Fig. 1).
Because of the structural similarities, there is a possibility that
marine animals such as shellfish, fish and mammals may act as
vectors of the toxin isomers, which might then be converted from
IB to IA and finally to DA in the animal tissue, although there is no
report showing these bioconversions in the animal tissue. Studies
of such conversions are currently ongoing.

In conclusion, we isolated ASP toxin-producing diatom N. navis-
varingica from selected areas of Luzon Island, the Philippines and
South Sulawesi, Indonesia. Two new toxin composition types: (1)
only IB and (2) DA, IA and IB were confirmed in the N. navis-
varingica isolates from Luzon Island, the Philippines. The stability
of these toxin compositions was confirmed by comparing the toxin
composition of a parental strain and respective sub-strains. We
summarized, in total, five ASP toxin composition types in N. navis-
varingica. Investigation of factors affecting the toxin composition
of N. navis-varingica might help in determining the toxin
production mechanism of diatoms.
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TEAHLDEHERL TV 5,
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In Vivo Metabolism of 2,2',3,4,4',5'-Hexachlorobiphenyl
(CB138) in Guinea Pigs

Chiho Oural, Koichi Haracucar®, Yoshihisa Kato®, Tetsuya Expo? and Nobuyuki Kosa®

DFaculty of Nutritional Sciences, Nakamura Gakuen University,
5-7-1 Befu, Johnan—ku, Fukuoka 814-0198
2 Dasichi College of Pharmaceutical Sciences, 22-1
Tamagawa-cho, Minami-ku, Fukuoka 815-8511
Y Kagawa School of Pharmaceutical Sciences, Tokushima Bunri
University, 1314-1 Shido, Sanuki, Kagawa 769-2193
Y Faculty of Pharmaceutical Sciences, Health Sciences University of Hokkaido,
1757 Ishikari- Tobetsu, Hokkaido 061-0293

Abstract Our preceding studies reported using animal liver microsomes that 2,2,3, 4,4,
5'-hexachlorobiphenyl (hexaCB) (CB138), a worldwide and persistent organohalogen pollutant, was
metabolized to two major hydroxy (OH)-metabolites, 3-OH-CB138 (M-3) and 2-OH-2,3,3,4,4,
5-hexaCB (M-4), and two dechlorinated OH-metabolites (M~-1 and M-2) in guinea pigs at much faster
rate than in rats and hamsters. In this study, the distribution of four CB138 metabolites to the serum
and liver 4 days after exposure and their fecal excretion were studied in guinea pigs administered with
CB138 intraperitoneally. 3-OH-CB138 (M-3) was a major metabolite in the liver, serum and feces.
M-1 was observed as a minor metabolite in guinea pig feces. In contrast, trace amount of M~2 was
present in guinea pig serum. However, 2-OH-2,3,4,3', 4, 5'-hexaCB (M-4) which was a major
metabolite in the 77 vitro system using guinea pig liver microsomes was not found in all tissues and
feces tested in this study. On the other hand, the exact chemical structures of M-1 and M~-2 were
determined to be 6-0H-2, 3, 3", 4, 4-pentaCB and 4-0H-2, 2, 3, 4, 5-pentaCB, respectively, by
comparison of the retention time and mass fragmentation of the synthetic authentic samples in
GC-MS. From these results, it is suggested that the metabolism of CB138 in guinea pigs may
proceed by three pathways, a direct hydroxylation at 3'-position, and also the formation of 2 3-or3,
4'-epoxide and subsequent dechlorination and that three metabolites show the different mode of
distribution and excretion.

Key words : CB138, Metabolism, Guinea pig, PCB

HEAIMEOERYEY THL L LD ICHANR

T U &I .
BEFELYEY L LTbHELTHS. PCB EMEAE
RyEFRE 7= (PCB) i, BHOED, DL, 2,23, 4,4, 5hexachlorobiphenyl

(101)



168 X

(hexaCB) (CB138) i, 2,2',4,4',5,5~hexaCB
(CB153) ® 2, 2, 3, 4, 4', 5, 5-heptachlor-
obiphenyl (heptaCB) (CB180) & & 12, Ak~
DEREENPIEEIZFWPCB B L LTHMbNn
TWa, Bz E, HEMILEY © Ml ik
BYY v MEAYY v bmiEB LU MR
BY7 91, CBIS3 ISRV CRIEE TR S 1
5. —F, & MIWEFTIE, Thso PCB &4
& &bz, 4-hydroxy (OH)-2,2,3.4,5,5,
6-heptaCB (CB187), 4-OH-2,2,3,4' 5,5 hex-
aCB (CB146), 4-OH-2,3,3',4', 5-pentachlor-
obiphenyl (pentaCB) (CB107) 7z ¥'® PCB 7Kg
LIRS LB R B TR S TV 510719

CB138 @ & ¥ &, 3, 3', 4, 4-tetrachlor-
obiphenyl (CB77), 3,3'.4,4",5-pentaCB (CB126)
$X1°3,3,4,4,5 5-hexaCB (CB168) % LD %
AF % V8 (3759~ PCB) 23 a2
g5\ 7o, HRRERE (WHO) 5 A+ %
HOBEWOHMS 2 RDOT-OICRELTWLER
EMBFHIIFEIN TRV LaLiss,
CB138 i3, CBI53 EE#IZF L7 0L PA50 % &
PR HBE R D58 \v> phenobarbital (PB) #!
FEREETHIEDLY MO hOEGCEES
BRI,

CHNFETIZT CBIS REICET AHETIZE A
Edrolz?s, CBIS OREWEELN S
3-OH-CB138 25k M fF e b S h 3
CEYWDID - pe L S RBEZITH I LS
B L7 ¥7:, k& MFTIE 3-OH-CB138 754
EMNICERETIALTWA I ERRESN
72 —%, MEFFEETIX, CB138 DEMIATS 2
OV —2512& 5 invitro X EAN, 1) S b
T 1MEE NA2AY—TRIBEBITEL
Ey FTRHABEORBY I ER I WL Z &,
2) 0> H EABYIE 3-OH-CBI3S B X U
2-0H-2,3,3,4,4',5-hexaCB (CB157) T& 3 =
&, 3) TNEY MPROBEEREET S
Tk, 4) 2TEEO—BIERIL OH (OH-pen-
taCB) dAERENL T E, 512, 5) ahbm
AR PBRIEBICE D ELCBMT S Z & %28
LI LEY. #2T, ABETIE, hEITAR
BHCTH o/ 2D OH-pentaCB D fbFEE L
Aoz T5 &L 12, CBIS RE D EANE
WEEOPICT B0, REEEIRLENEL
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H F # 32r4%

Ev MIZCBIR 2%5 L, H#EHZ4BEORH
VOB S L U~ L 4 BEOEP~DHE
% F 7

REBRFK

1. EERMH

(1)CB138 3 & UMt

CB138 i Cadogan ® HEX &R L7z, 7,
1,2,3-trichlorobenzene 3 X U* 2,4, 5-trichlor-
oaniline % tetrachloroethylene THEML, X512
isoamyl nitrite % i1z T, 110T T 24 B RIS &
Wi, ReWiE7 v+ 54 (100 g, Merck)
BLOYYBIF VAT A (658 Merck) THHE
BlL7-t%, BEBEsa~Nr5 71— (HPLC)
WA L7z, HPLC £FIZROBY TH5E. 7T 4,
ODS # 9 & (250 x 20 mm id, 5 um, YMC
), 7V A4, ODS 7L A T4 (20mmid X
50 mm, YMC #) ; # 848, acetonitrile ; 7%,
4ml/min ; WEHEE, 254nm. % 3B, CBI38 Dl
EIEFHENREFRATA o< 57 14—
(GC-ECD) Iz Xk 2 1a# 8, SO 94.0% LU
ETHo

CB138 : MS(EI) m/z (relative intensity) 358
(100) [M™], 360 (193) [M™+ 2], 362 (157) [M*
+4], 364 (63) [M*+6], 366 (16) [M*+ 8], 323
(32) IM™-C1], 288 (89) [M*~Cl].

@) RBYDOERK

M-1 (A F Vvibfk) o FBRBEY & LT,
6-Methoxy (MeO) -2, 3, 3, 4, 4-pentaCB
(CB105) %4&HuT 5%4, 2,3,4-trichloroaniline

& 3,4-dichloroanisole ¥ &BEA & LTHW,

Cadogan DA™ TfF o 7=, %8, 3,4-dichlor-
oanisole 1%, 3,4-dichlorophenol % 7 V% 1) ¥4
T, dimethyl sulfate D@ L Y XA F 4L
DRV —F, M2 (XF VbR oF
BRBEW L LT, 5-MeO-CB105 # AT 2354,
2,3,4-trichloroaniline & 2,3-dichloroanisole %,
¥ 72 5-Me0-2,2',3,4,4-pentaCB (CB85) % &
B3 5¥%4, 2,3,4-trichloroaniline & 2,4-dich-
loroanisole %, & 5|2 4-Me0-2,2',3,4,5-pen-
taCB (CB87) # &K T 534, 2,3,4-trichlor-
oaniline & 2,5-dichloroanisole %, &BERE L
THWw. #5577z MeO 112 CB138 & F#kIZ,
TNVIFATLELYATNAT EERBNTERSS
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WL /2%, HPLCICTHRLZ.

6-MeO-CB105 : MS(EI) m/z (relative intensi-
ty) 354 (100) [M*], 356 (152) [M*+ 2], 358
(100) [M*+4], 360(34) [M*+6], 362(6) [M"+
81, 304(97) [M*-CHsCl], 241(39) [M*-COCH;
Cla].

5-MeO-CB105 : MS(EI) m/z (relative intensi-
ty) 354(100) [M*], 356(148) [M*+ 2], 358(96)
IM*+ 4], 360(33) [M*+ 6], 362(4) [M*"+ 8],
304 (5) [M*-CHsCl], 311(31) [M"-COCHs],
241(41) [M*-COCH3Cls].

5-MeO-CB85 : MS (EL) m/z (relative intensi-
ty) 354 (100) [M*], 356 (154) [M*+ 2], 358
(107) [M*+4], 360(32) [M*+6], 362(6) [M"+

8], 339(16) [M*-CHs], 311(29) [M"-COCHs],

304(7) [M*-CHsCl], 241(37) [M*-COCH;sClz].

4'-MeO-CBS87 : MS (EI) m/z (relative intensi-
ty) 354 (100) [M*], 356 (138) [M"+ 2], 358
(118) [M*+4], 360(34) [M™+6], 362(4) [M™+

8], 339(17) (M*-CHsl], 311(35) [M"-COCHs3],

241(46) [M™~-COCHsCl2l.

2. BOEYNIE

feHEERZ, Hartley REEELVEY + (FE
#7300~350g) % 5EEWTITo7z. EBREIHF
i, REEA-VICTEMCEE L, 8 RC4
(F) > & VEBERER) &, KL & D ICEHEIZER
Xg7-, EEBREIX, REEF23.0+0.5C, BEF60
+ 59 IfRIF L, MBI 12 B OBl BHER Y
470 (BB 7:00~19:00) & L72. CBI138 &
TI—VIICEREL, EVEY PLEDHAY 10 mg
RIEMERICHIRE L7, 5% ER2HEIL
BETAEEDIC, 4B BICIEEHRE Y £ME
PRI A LI VBERLA IR MmES
H O(RRFE) TREL, miFE: LTHEL
FRIERAELICHB L, £EEKTERLL
% AN ET-CIBRELL. 2B, INLDF
MEBRIBYEBRHEHEEERERDKRLE
7o BT, [HREZRAZE (FUEHARER) 280
LEBREM OO HETFLUERL .

3. KB
(1) ZEFABY
#13 60T T 48 B EEIREME, I—b—3INVTH
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Bel7: ZBEOBHFKI g ICHIBEZERE L L
T 2,2,3,3,4,5,5,6,6-nonachlorobiphenyl
(CB208) % Wsin#%, acetone—n-hexane (2:1,
v/v) T16 B, Vv 7 AL —tEETERmH
L7z RIS A F VLT 2720, Bohi:
HIH# % chloroform (Z#ME L7z, KIS, 2020
S0 1 EFFEY, 2MAKB LAY ) T AKBHE 2.5 ml
TE%B L 7-1%, dimethyl sulfate % 0.5 ml &ML,
100C T 60 S REH L7z, D%, chloroform T
L, R L7, n-hexane BB L2 D%
GCHrIne L.

(2) M AP

miE 0.5 ml 12 CB208 ##inL, 0.5M il 0.
25 ml W L C B ML 72 % chlor-
oform-methanol (2:1, v/v) 1 ml 3 & T n-hex-
ane 3ml DREABETIEMB L7z, T, fil
¥11 diazomethane TAF AL L 7z,

(3) FF A

JFIE 1 g 12 CB208 % %sin L T, Potter-Elveh-
jem FE Y F A ¥ — % V2T acetone-n-hexane
(2:1, v/v) 15ml THREYF A4 A L7 WwiZ, B

KT a0, RFEEHEFNITALITLA (129)

W72, F7-5RE R n-hexane 10 ml T 2 [\l &
EVFARRRVE LR, AROWRFT MUY
AH TG AT Be BT d-
azomethane CX F WL L 7.

4. IR

CBI138 & # R @y ooHiE, GC-ECD B &
NEESHTEMT GC (GC-MS) 12X WiTo7z. 7
B, Thb50DEEX, CBIR OBERZ AT
GC-ECD 12 & W4T o 7z. GC-ECD O&HIFTRD
B/Y THAH. OoiHEEE, ECD {F HP5890 Series IT
HAZa< 757 (Hewlett-Packard #) : 7 5
A DB-17a2a—AFYUAX¥xET)—AT A
(30 m % 0.25 mm id, 0.25 pym EE, J&W
Scientific #) ; +— 7 ViRE, 230C  EAMNRE,
250C ; MBERE, 250C ¥x VT —F X, N
(1 mV/min). —7#, REWOHFEIE, GC-MS
2010 (BEsfeprsl) #HWT, EI£— FTHElE
L7, GC-MS O &BtidkRoBY THSH. W5
A, DB-172a—AFY)IFYET)—HT A
(30m X 0.25 mm id, 0.25 um BEE, J&W
Scientific #) ; # — 7 Vi, 70C (1.5 min) -



170 X H T O Er4%

20C /min- 230C (0.5min) - 4C/min- 280C (5
min) ; FEALDRE, 250T ; MEBENEE, 280T
F¥ 1) 7—%A, He (1 ml/min).

XBRER

1. MAPRBEYO%RE
CBIB#%ZEHAHBEDENE Y FILHF D
CBI8 B U2 f#HW (X FVibHh) o
GC-ECD 7 u= } "5 4% Fig 1A IZRT. K&
1@ CB138 Lbiz, 2 KR — 225, #
NENRERR 151 08 L0189 5SS
7. IO Y—2id, BERD oREW O
HEolB»S5, FR#F OH-pentaCB (M-2)
B LU 3-0H-CB138 (M-3) @ *FWALETH 5
ZEDHER I NI

WIZ, ThooFRE*EE L7 (Table 1).
FEE L CBI38 DREME A7z, ZOFKR,
FEAGOmMFPEREIE 0.25 = 0.05 nmol/ml
serum THo7z. Tzt L, ERHEW O M-3
OIMFEELZ, 0.18 = 0.07 nmol/ml serum T3
D, RELELRBEMRB INA. —F, M-2
OMmFEEE, 0.04 = 0.01 nmol/ml serum & #»
% & o 7z

{A) Serum {B) Liver {C) Feces

CB138
CB138 M-3

S 18

10 20 . 30 TR 30 10 20 30
Retention time (min) Retention time Retention time
Fig. 1 Gas chromatograms of CB138 and the methylated
derivatives of CB138 metabolites detected in the
serum (A), liver (B) and feces (C) of guinea pigs
injected CB138 intraperitoneally.
IS, internal standard (CB208).

Table 1 Distribution of CB138 and its metabolites to the
serum and liver 4 days after CB138 injection to

guinea pigs
Serum Liver
Compound (nmol/ml serum) (nmol/g wet wt.)
CB138 0.25 = 0.05 1.87 £0.05
M-1 N.D. N.D.
M-2 0.04 = 0.01 ND.
M-3 0.18 £ 0.07 1.26 = 0.09
M-4 N.D. N.D.

N.D. not detected.
Each value represents the mean + SD. of five guinea pigs.

2. FhRBYO%RE
CBI8 % 5% 4HEBOENVEY NFHFO
CBI38 BL Uz R#YW (X F L) o
GC-ECD 7 u=< M7 5 4 % Fig IBIZRT.
CB138 Li#tic, & & L T 3-OH-CB138
(M-3) ®AFVLEOABBRE SN, £2T,
FFR O REMEB LV M-3 DEERHAIZE D
5, FFREEIZZNEFN1.87 2 0.35 B8 LT°1.26
= 0.09 nmol/g wet wt. TH 0, FizBWVTH
M-3 ZRELEICILET 512 EOBRE CTHA
- LTw/z (Table 1). %3, ENVMEY F5EDF
BHEEEZH17Tg LTHRET L, 4HH
DI T 5 REGKE M-3 DREIXENE
NESED0.12% & 0.08% MK LT/,

3. #ERREPOBRE

Fig. 1C iz, CB138#% 5% 2 HEOEHRDRE
1LEB X OB (X FV{biE) @ GC-ECD 7 1
T NI AERT. REMEL LI 2EEOR
YWY -2, REFEE14.90BL018.941
B &N 2B, IhoiE GCHRERE»S
FnEn, B o OH-pentaCB (M-1) BL U
3-0OH-CB138 (M-3) ® X F WALtk L HeEE SN
W2, 4 HETEPA PR S 7R 0EB &
URHEY M-1 & M-3) * &L, 5% 2HHE
BLU3~4BETHELL (Fig 2).

I, REMEOERNORIENMEIL, H5%
2HMBT76.8nmol, 3~4 HET31.6nmol T
Hotz. ZhizxtlL, M-3 ORFEER X, HRE5H%
2 HMT20.8 nmol, 3~4 HMT10.0 nmol T

bHotz. Tz, M-1 OFFREE L, H5HR2EH
100
g .l 8 1-2 days
o 3-4 days
£
S 60
e
E
E
] 40
H
=
& 20
2]
2
= 0 |, ND. [ . _N.D.
M-1 M-2 M-3 M-4 CB138

Fig. 2 Fecal excretion of CB138 and its metabolites in
guinea pigs injected CB138 intraperitoneally.
N.D, not detected.
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=11.3nmol, 3~4 HE T 11.3 nmol & ZED
Lol ToEHE, R#EYW M-3BIU
M-1) OFElEE, REMEOFFTUT TH o7,
B, ARHEYO 4 BEOEFIREEIIRGED
FAD0.19% Th otz (F—F FKEBH).

4. KEYM-1 & M2 DEE

£ E CBI3s A&t & LT, M-1B LU M-22°
WERHS, TNENERB LUMAP» SRS
Nz, FIT, INLDOGFERZEIPDBIZDIC,
ZERBOHEYE GC-MS I2ft L7z, ZO/KR
Table2 2T LI, M-1BI U M-2D X F )V
RN T RIS FEDLEFTHZ &0, B
19 L FAEIC, ¥EEAS 1 EBLEE L 72 MeO-pen-
taCB Th 5 Z L SRR SN/, WRiC, FRAH
WreamL, MREMORELH AT

9 M-1 (AFVLE) OTRAANRT M vE
AbBE, TITAY ML F Y [MT-50] #35E <R
HEN-Z D, M-1 (AF ) 22
2, HAHVIE66)LIEMeOEEZFT D
pentaCB?V L HEFE &Nz, F2T, FERBYE
LT 6-Me0-2,3,4,4' 5-hexaCB (CB105) %#4&
BL, GC-MS TORFEHMBLUIYRATF I A
vr—3a vk M-1 (AFVILE) LB 74
B wWFndseell—%Li DEoERERPL,
M-1 1% 6-OH-CB105 TH 5 L iREI Nz,

—%., M-2 (AFVIUE) O<AARZ M VT
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X, BwTI A ML F Y [M-15] eI
TS F AV M F v [MY-43] HSHERER < M
En-ZEhn, 3(3)MH B\ 5(5)ALIC MeO
#£%%E7T 2 pentaCB? L HE SN, 22T, F
AR B L L CBIE, 5-MeO-CBl05 B L U°
5-MeO-CB85 # &R L, GC RIFHEM % LB L 7.
Lo Lads, wind M-2 (A F Vb)) &R
BEMER—F Lok KRIZ, 4-MeO-CB87
AR LEBLEZ A, GC-MS TORKEREH
BIUTRAARY DA M-2 (A F VLK) &3
TEEII—% LA UEDKEE®2L, M-2 &
4-0H-CB87 TH o Z LWL PR o7z,

z &=

ENEY MMZX B CBIBORKFEAL T
%, I ruav—2ax BTz vitro REFR E D
HOVBERARHNY -V ERTIENFHAL ML
Trotr. bbb, invitroREFRTIELEED
RBYHERR S 722D, SE, invivo RHBRT
ZFEDD L0 3IBEIREB SN ERHEYI
3-0H-CB138 (M-3) T& Y, I, FBLUED
TRThLBHEEN I, BEBTIEDH 5D,
2 &% OH-pentaCB (M-1, M-2) 23ZNhEh
#Erp L o &z,

ARFZeciz, FEC 2 E3E® OH-pentaCB D1tk
FREPEL ML o7, FHEREWEERL,
GC-MS ThE Lz A, M-1 & M-2ZFN

Table 2 GC-MS data of CB138 metabolites and synthetic authentic samples

Molecular Mass spectral data Retention
Compound weight M*] [M*-15] [M*-43]  [M*™50] time (min)
Serum
M-2 354 100 18 39 - 13.81
M-3 388 100 7 38 10 15.08
Liver
M-3 338 100 5 34 8 15.08
Feces
M-1 354 100 - - 84 13.75
M-3 388 100 33 7 15.08
Standards
6-MeO-CB105 354 100 - - 97 13.75
5-MeO-CB105 354 100 - 31 5 15.17
5'-MeO-CB85 354 100 16 29 7 13.58
4-MeO-CB87 354 100 17 35 - 13.81
3-MeO-CB133 (M-3) 388 100 8 40 - 15.08
2-MeO-CB157 (M-4) 388 100 - - 155 15.23

)

-, not detected. ‘cited from the reference’®.

CBS5 (2,2',3,4, 4-pentaCB) ; CB87 (2,2',3,4,5-pentaCB) ; CB105 (2,3,3',4,4-pentaCB) ; CB138 2,2',3,4,4,5-hexaCB) ;

CBI157 (2.3.3',4,4',5-hexaCB).
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Z1 6-0H-CB105 & 4-OH-CB87 TH 5 Z & 7F
REENT. ZOFBERFS, EVEY PTIEH3D
DIKBALERE DS RIBFICEIT L T B Z L ATRIB &
h7z. Fig 3IWZENEY MZBIT A CBI38 it
EREERER L. $7&bH 3-OH-CB138 i
FLLT3MoBEEKEMLIZLY, T/

6-OH-CB105 (M-1) & 4-OH-CB87 (M-2) 1% 2,

3-epxide & 3',4-epoxide % FfEfk L L2224,
ELICHEFRIAR o TEREN DL EZ
Lbihsg.

ERE N 3BEORBWIZTNENEL LS
mEARL7z. CBI38#&ZE# 4 H B T, ERHY
@ 3-0H-CB138 (M-3) 1%, A cdmE sh:
2, HFTRICERESAL TV, ORI,
Guvenius 5 D& MFOTE & L ¢ —F L7275,

FED Y2 EFICERB LR T V2RIAATH 2.

52, 2F4E D OH-pentaCB @ 9 %,

4-OH-CB87 (M-2) i#E 2L MAP~NE4AM L,

—7, 6-0H-CB105 (M-1) W&EHIZEh~LH
WMENBZEPFEENER o7, IhFTHIC
FRE L T\w5b PCB K@i, 8L T 4-0H-3,
5-dichlorobenzene DEELXHF L TEB Y, MHFD
HUIRBR RV E VS ¥ 737 transthyretin & B
WHEAMBEERT I LML N T »ED,
4-OH-CB87 (M-2) i3, ZD&l%il/-L T3
Z &5, transthyretin I28E LIMF~EE LT
WhrbDLEEINS. B, TVEY MNFI 2
OV — A% BTz i vitro REFRICB W TEAEH
Yo 1oTHo7z 2-0H-CB157 (M-4) 1%, 4H
D invivo REFRTIE, EHB IR o7
COBHIIARHETD B, SEFEME, FB
IUEDAMCEBENIIOR L TWEO2d Ltk
Vo HHWIE, KBRS FERELTSE
D, HEEINEroicorb Ly, TO&
BESBROMFERETH 5.

SH, BERNRS S/ CB138 12, 72T
TiE% L, BRI ERETRIE SN BER
LEANORERIL, 202005, 1013,
EREAD S, M, B, S SICfBiTHE2A L C#Es
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Fig. 3 Postulated metabolic pathways of CB138 in
guinea pigs.
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This study focuses on the regional trends and possible sources of brominated organic contaminants
accumulated in breast milk from mothers in southeastern (Okinawa) and northwestern (Hokkaido) areas
of Japan. For persistent brominated flame retardants, polybrominated diphenyl ethers (PBDEs; major
components, BDE-47 and BDE-153) were distributed at higher levels in mothers from Okinawa (mean,
2.1 ng/g lipid), while hexabromobenzene (HeBB) and its metabolite 1,2,4,5-tetrabromobenzene were
more abundantly detected in mothers from Hokkaido (0.86 and 2.6 ng/g lipid), suggesting that there are
regional differences in their exposure in Japan. We also detected naturally produced brominated
compounds, one of which was identified as 2'-methoxy-2,3',4,5-tetrabromodiphenyl ether (2'-MeO-
BDE68) at higher levels in mothers from Okinawa (0.39 ng/g lipid), while the other was identified as
3,3 4,4'-tetrabromo-5,5'-dichloro-2,2/-dimethyl-1,1-bipyrrole in mothers from Hokkaido (0.45 ng/
g lipid). The regional variation may be caused by source differences, i.e. southern seafood for MeO-PBDEs
and northern biota for halogenated bipyrroles in the Japanese coastal water.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Persistent organic pollutants (POPs) are biomagnified in the
food chain (Borga et al,, 2001). Irrespective of the nature of their
source, they are widespread and probably undergo extensive
transport and fates that are governed by their physicochemical
properties such as vapor pressure, aqueous solubility, Henry's Law
constant and octanol/water partition coefficient (Kow) (Hackenberg
et al., 2003; Tittlemier et al., 2004; Vetter et al., 2004). As a result,
their residues accumulate in the human body by way of dietary
intake or inhalation throughout a person's lifetime. Therefore,
regular monitoring of POP contamination in human milk can help
to identify specific sources of pollutants, exposure trends and
potential risks of exposure to mothers and infants.

It seems likely that bioaccumulative brominated flame retar-
dants (BFRs), such as polybrominated diphenyl ethers (PBDES),
hexabromocyclododecane and hexabromobenzene (HeBB) are
globally spreading throughout the marine biosphere. Some of these
compounds have been reported to transfer via the placenta and
breast milk from mothers to offspring in humans and exhibit
endocrine-disrupting  effects (Kawashiro et al, 2008) or

* Corresponding author.
E-mail address: k-haraguti@daiichi-cps.ac.jp (K. Haraguchi).

0269-7491/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.envpol.2011.11.022

developmental neurotoxic effects (Costa and Giordano, 2007). In
Japan, PBDEs have been used to prevent combustion in consumer
products, such as electronics, construction materials and textiles
(Ueno et al, 2004), but have leveled off in recent years after
voluntary phasing out of penta- and octa-PBDE formulations in the
1990s (Ueno et al.,, 2010). The residue levels of PBDEs have recently
been reported in human milk (Eslami et al., 2006; Haraguchi et al,,
2009¢) and blood (Kawashiro et al,, 2008) as well as in seafood from
Japanese coastal water (Ueno et al., 2004). The sources are probably
house dust and/or electric waste (Fromme et al., 2009; Thomsen
et al., 2010) as well as seafood (Ueno et al, 2004). Although the
temporal trends in human exposure to PBDEs are steadily
decreasing in Japan, the current status of BFR use seems to differ
from region to region and from country to country (Watanabe and
Sakai, 2003). Similar to PBDEs, HeBB has been used as an additive
flame retardant for paper, plastic and electronic goods and is still
used at low volumes in Japan (350 tons per year between 1994 and
2001) (Watanabe and Sakai, 2003). Thus far, the levels of HeBB in
adipose tissues of Japanese people have been reported (Yamaguchi
et al., 1988), but no recent trends for HeBB levels in breast milk are
available.

Regarding related organobromine residues, methoxylated PBDEs
(MeO-PBDEs) and halogenated bipyrroles of natural origin have been
found in biota from Japanese coastal water (Haraguchi et al,, 2009b;
Marsh et al., 2005). MeO-PBDEs can biomagnify in higher-trophic
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organisms via the food chain from the Pacific Ocean (Haraguchi et al.,
2010; Vetter et al,, 2009). A series of mixed halogenated bipyrroles,
ie. 11’-dimethyl-3,3',4,4'-tetrabromo-5,5-dichloro-2,2'-bipyrrole
(DBP-BryCly) and 2,3,3,44',5,5'-heptachloro-1'-methyl-1,2’-bipyr-
role (MBP-Cl7), have also been found to biomagnify at higher-trophic
levels via the food chain to similar extents to recalcitrant POPs. In
fact, these two bipyrroles have been found in fish, seabirds and
marine mammals from the North Pacific (Gribble et al., 1999;
Tittlemier et al., 2002; Tittlemier, 2004) and Oceania (Vetter et al,,
2001, 2009), owing to their similar physical properties to PBDEs
(Hackenberg et al,, 2003; Tittlemier et al. 2004; Vetter et al., 2004).
Therefore, human exposure to these brominated compounds is of
concern for the health of mothers and infants, because DBP-Br4Cly,
for example, has displayed some in vitro dioxin-like ability
(Tittlemier et al, 2003). However, the regional trends in the
contamination status of MeO-PBDEs and halogenated bipyrroles in
human breast milk are poorly understood.

The aim of this study was to investigate the trends and sources
of anthropogenic PBDEs and HeBB, as well as naturally occurring
MeO-PBDEs and halogenated bipyrroles, in human breast milk
from Japan. To investigate the regional trends in these brominated
contaminants, we selected human milk samples from the most
northeast area (Hokkaido) and the most southwest area (Okinawa)

~ of Japan (Fig. 1).

2. Materials and methods
2.1. Sample collection

Human milk samples were obtained from the Kyoto University Human Spec-
imen Bank using a standardized protocol (Koizumi et al., 2005, 2009). A total of 40

Table 1
Information regarding the participants and lipid contents of milk samples from
Hokkaido and Okinawa.

Region Location Year n Mean age  Lipid (%)
Latitude  Longitude

Hokkaido 42—-90'N 140-99°E 2005 20 305 230

Okinawa  26—20'N 127-69'E  2005-2006 20 30.3 263

All 40 304 245

samples were collected during 2005-2006 from volunteers living in Hokkaido
(n = 20) and Okinawa {n = 20) as shown in Table 1. Milk samples (30~-50 mL) were
collected manually during breastfeeding at 4—8 weeks after childbirth, either by the
subjects themselves or with the assistance of midwifes. The breast milk was kept
frozen (—20 °C) prior to analysis. The Ethics Committee of Kyoto University approved
the protacol of the present study (E25) and appropriate written informed consent
was obtained from all the participants.

2.2, Chemicals

Two standards, 4’-methoxy-2,3',4,5 ,6-pentachlorodiphenyl ether (4'-MeO-
BDE121), as an internal standard for the determination of all brominated contami-
nants, and 2,2'-dimethoxy-3,3' 4,4 -tetrabromobiphenyl (2,2/-diMe0-BB80) were
donated by Dr. G. Marsh (Stockholm University). Native BDE-28, BDE-47, BDE-99,
BDE-100,  BDE-153, BDE-154, hexabromobenzene  (HeBB), 1,2,4,5-
tetrabromobenzene (TeBB), 2’-hydroxy-2,3’4,5'-tetrabromodiphenyl ether (2'-
MeO-BDE68) and 6-methoxy-2,2',4,4'-tetrabromodiphenyl ether (6-MeO-BDE-47)
were purchased from Cambridge Isotope Laboratories (Andover, MA, USA). Two
bipyrrole standards, 1,1’-dimethy!-3,3',4,4'-tetrabromo-5,5'-dichloro-2,2'-bipyrrole
(DBP-Br4Cly) and 2,3,344',5,5-heptachloro-1/-methyl-1,2/-bipyrrole (MBP-Cly),
were synthesized according to the methods outlined in Gribble et al. (1999) and Wu
et al. (2002), respectively. The purities of the compounds were >99% by gas chro-
matography. The standards were used for the calibration, recovery and quantifica-
tion of target compounds. All solvents of pesticide grade quality were purchased
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Fig. 1. Sampling sites of breast milk in Japan (Hokkaido and Okinawa Prefecture).



